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I. INTRODUCTION "—— e e

The work summarized herein-was accomplished-under Contraci—
Nos . NASS-664 and NASw-513 during the period September 1, 1960,

through September 30, 1963. The original contract a;:E;;;;Eﬁu

Arthur D, Little, Inc,, to obtain seientific information concerning ——

the apace environment and-its effects on vehicle stored liquid
progellants. Those- influences. found in.the space envir~nment, both
individually and in combination, that tend to reduce the amount,
the stability, and the energy content of the propellants as well as
jeopardize the effectiveness of the surrounding structures uere to
be investigated.

Gerreral goals established for thie effort were:r (1) collecting
existing data pertinent to the subject, (2 initiating the theoretical
analyses of the interactions of the space environment for the liquid
hydrogen-liquid oxygen—system, (3) planning experiments for inclusion
in satellites where theery indicated gaps-that could not be filled by

on-the-ground experiments, and (4) experimentaliy_determining the

thermal propertieg of probable structural and—iansulation materials at. .o

Low—temperature.

Modifications to the basic contrant later established specific
tasks which could be divided into the following areas: (i) space
eavironment, (2) interaction of therwal radietien with the propellant
and its storage system, (3) interaction of meteoroids—with—the-

propellant and its storagc system, and (4) interaction of ionizing

E-1
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radiation with the propellant and its storage systenv The program
chbjectives were to provide techniques, methodology, and data for the
evaluation ot liquid propullant storage system coacepts &nd to provide
a basis for the design of oprimum systems for vehicles for any wuission

within the solar system

Uver the contract period, however, data has become available in

increasing quantities from satellite and prove.experiments, independent

research reported in the literatute, and other programs such ax that at
Arthur D. Little 1Inc. Much of this data, egpecially that on
meteoroids.and iontzing radiation, _indicates that these problems may

be less severe (from the viewpoint of liquid propellants) than
anticipated originally. Lately, it has been apparent that the U. 8.
space programs require engineering designp data on the conservation of
cryogenic propellants and/or cryogens in use in ecnlogical systems,
togetner with methods for assimilating aad using the available data

and that which will be obtained in time nea. future. With the advent

of Coatract No, NASw-£I5, therefore, NASA reoriented the program to
make it consistent with the existing need for-acquiring data and design
solutions for cryogenic propellant storage in space.
This report +s submitted in pertial fulfillment of our
contractual responsibilities—under Contract Nu, NASw-615 with the
National Aeronautics and Space Afminiatration. 1t presents a brief )
outline of the work accomplished by Arthur D. Little, Inc., under |
Contract Nos. NACS5-664 and NASw-615 in the areas of the space :
-
1-2 ;
{
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envivonmeni and theoretical analyses of the interaction of meteoroids
with the propellant and its storage system. Our reports on the space
envirenmen: were published under the initial contract and, therefore,
are treated only briefly herein.

Our supply of reports in these two areas has been exhausted.
Accordingly, we have included a list:ng of the technical reports issued
on these two subjects, together with an abstract of the cuntents of
each report and the ASTIA number of the report as known to us. all
reports, referenced herein, that were issued subsequent to April 1962
are available from:

Office of Scientific and-Techuical Information

National Aervmautics and Space Administration

Actn: Code AFSS-AD

Washington, D. G. 203346

The major portion of the theoretical work on the solution of
the meteoroid problem has been conducted by McGil) University uwnder
gubcontract to Arthur D. Little, Inc. Consequently, this WOTK |8

referenced bherein but not describoed in drtail.*

Development of guccesyful insulation systems, fustallation on

tankagce, and cokiection and reduction of data necessarily will require

longer periods of time than do analytical investigation. NASA and

*The McGill University fipal report is being prepared for publication 4

and will be isaued when availabte,

Arthur . Wittle, Ine.
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Archur D. Little, Inc., therefore, by mutual agreement,_plan to dispense
with the distribution of quarterly repcrts and will izsue a final
contract .report only. Topical reports, however,.may be issued when

data considered to be—sf particular significance to programs—_in-being

is available

A continuing investigation of the problems associated with
cryogenic storage presently is-being negotiated with-the Lewis Research.. .. .
Center.— This investigation will be . concerned primarily with-.the —
development of thermal insulation-systems suitable for use—in. the
space—eavironment. and the-acquisition- of experimental data supporting
these avvelopments.

In our earlier studies, a broader seepe of investigavion was
undertaken aud, consequently, quarterly reports were issued to an
crtensive group of interested contractors and Government agencies,
to assure dissemination of tihe latest information at frequent
intervals. Much of the data published waas based on collations of

published information, mattematical analyses of expected phenomena,..

and laboratory investigations of thermal—performance. Such data was -
amenable to frequent publication.
Ttre follow~en investigations, however, are centered around

ingulation development and experimental data- obtained omrr small-scale

tmk-as*"u
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THE PERFORMANCE OF MULTILAYER INSULATIONS

1. SUMMARY

A, Purpose and Scope

This report_summarizes the work carried_out on the analysis, experi=_.
mental megsurement, and design of thermal procection systemns for liquid
hydrogen tankg by Arthuxr D. Little, Inc., under Coniraat NA33-6b4 and
contiauation Contract NASw-615 at Csmbridge, Massachusetts, and at NASA,
Lewis Research Cenier, Cleveland,  Ohio.

The purpose of the werk was.to iuncrease the kanowledge of the thermal

behavior of multilayer insulations and obtain data on the performance of
such-insulatious_when they are ezpesed to a varviety of conditiors which

are expactad to be encountered—in-practical applications.

B. Approach

To achieve the stated purpnse in this work, we proceeled as follows:

1. We placed the greatest emphasis on evaluating the performance
of comnercially available matarials that are applicabl: te thermal pro-
tection systems for cryogenic fuel tanks for use in extemnded space missiors;

2. We desiguned-and constructed thermal conductivity apparatus tu
permit the measuremant of insulation performance under rondicions spproxi-
mating those expected to occur in actual installations;

3. We investigxated the effactu of temperaturs, mechanical load, gar
pressure, type of gas. pertorations, and therwal shorts on the fnsulation

performance; and

I11-1
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4. We analyzed tie heat_transfer mechanisms that contxrcl the per-
formance of the insulations, so as to guide the experimental pare of-the
program and providc informetion useful fox _Jjesign purposes..-.

€. _ Conclugions

The_data.obtained on the performance of thermal. protection systems

using.variouns_materials suitable for multilayer fnsulations have shown
that high insulating effectivenzas can be schieved under carefully con-

! trolled condittons, Even if the-best performance—cannct be achieved {n
practical inatallation, the insulating effectiveneas cfmultilayer insu---
lations 48 far superior to the-effactiveness of any other thermal insula- — .
tions available at this time. Thus _the applicatton-of muzltilayer _insula-.
tinns for large~liquid hydrogen tanks appears to be highly desirable,

provided thet production and applicatiun. techniques can be more fully

daveloped se that predictable and reproducible performance is obtained: —_
The most prefound-effe-t on imsulation performance- is produced—by

machanical -lord, gas.prassure_and type of gas, and thermal shorts., We

conclude, .therefere, that to counterdact these effects, it will be neces-

sary to:

1, Assuge that the insulstion_is exposed as little es possible_tn

Tt
v

the affacts of outside forces, auch as atmospherie or a2rodynamic loads,
by arranging a shroud to surround tihe liquid hydrogen tank wherever——

possible. Atmospheric loads of short durastion can be tolerated,- provided

that no-permanent deformation of the radiacicn shisakds or spacer matesials—

takes place. ;
i

I1-2
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7. Permit_any purging gas_to vent to space in minimum time after

Hft-of e .. ...
3....Agsure the.vacuum tightuess of the cryogepnic vessel or make

provision ta duct_leakage gas away from the insulation to.prevent the_

diffusion of gases into the insulation during prolonged space missfons. .o . x

4. Pay very csveful attention to the treatment of .the.edges of—
multilayer. insulations so as not to compromise the insulacion: perfor-

MANCE e .

possible..

6.. Yreveat degradation of_insulation reflectivity. from the_ambient
ztmosphere—durfng prolonged storage by purging with inert gas.

D. Recompandations

On the pasis of the thermal_performance data we have obtained for
multilayer insulations, we recommend:
1.,—Development of multilayar_insulation systems capable of with-
standing machanical loads—without suffering a sharp increase in thermal_
conductivity. This. would.greatly ease_the solucion of_practical appii-.

cation probiems.

2. A therough leak datection procedure for _the hydrogen tank. This . . .

pracadura- should be mandatory «6 as to assure that hydrogen will_nat

diffuse into the_insulation during extended-perioda of space flighr.

1. Developuwent of suiteable attuchment techniques for.the insulation,
These techniques will insure that the insulation will not suffer due to
tuposed mechanical ferces or-vibration, and will permit faster and-more

sconomica)l methods cf laving up the itadividual layars,

11-3
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4, Development of_ techniques for. reducing boil-off rates_during

the_ground hold périod.when inert purge-3as £loaw 18 used.,  _
S. _Elimination of the adverse effects of tuterplant_handling pro-

cadutes and_atmospheric .degradation ofreflecting surfaces during assembly

at_the launch site.
6_._4 continuation of efforts to develop a thermel protection-systen
which wilk have the high-insulating effectiveness of-multilayer insularions

but be legs sensitive to lateral heat flow, less sub ject to deletertous

effects of outside fnflueaces, and less costly.

II. INTRODUCTEOH ;

The fact that_a brillilantly glowing nose cone car suceessfully re~-
sist the effects of aerodynamic heating while re-entering the earth's ;
dtwoaphere is proof.that thermal. protecti.on..aystems_ean-_heLdevelope-d to
meat-conditions which only a few yaars ago were considered to bhe beyoad
technalogical teasibility. leas spactacular, but of equal imporfance to
the_continued progresa of space axploration,is the avatlability of therwai
protectian- systems for propellants, in-particular liquid hydrogen, to
méat . the demands of ths wide spectrum of space_missione.

The: developwén: of multilayar insulaticns has had a- profound influ-
encé. ort techniquas_for-sterfng cryogenic liquids. and, in.particulian,
Hquid. hydrcgen. Although_ terrestrial atvrage dad transport vessels
have made _wida use of multilayer insulatinns, the difficulties that im-
pade _tha development and appitcation of these tnsulotiona ro apace vehiclas.
heve. only-recent}y hean fully spprezfated. Tae principal challenge 1les
tn the integration of high performance tnsulations with the advuncing

gtate~of=the~urt of thin-wall tanx designs-

1X-4
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Ihe“high,1nsufnting_giigggigggess_ni_mulnilayer insulationa is . -
achieved when a series_of -radtation shircids.of high reflectivity arxe
separated by nearly nonconductiug. interleaving spacers while exposed to
& pressure below lﬁ-a—tanr.w In terrestrial cryogenic vessels, the muiti- ..
layer insulations are assembled in zun evacuated space bounded. on cne
side by the liquid container and on the other. side- by a vacuum=tight-
ocuter pressure vessei capable of withstanding atmcapheric loads or .ap-
plied mechanical lecads- The xadiation_shields and spacers_ therefore, __
do_not experfence any compressive loads, and the—achievemant of_ the re-

quired high vacuum is within tie state-of-the-art of vacuum.engineering .

practice e
This approach ts not feasible—wheare a minimum weight system i3 re-
quived, as in liquid hydrogen tanks for space vehicles, The ocuterprets——meme—

gure-vessel cannet—be-—used because of its tremendous- weight penaity;

hence —the_insulution i3 exposed to atmonpheric pressures-and fmposged
outaide forces unless it is suitably shrouded. The sttachmant of the.
fnsulation to the tank walls is critical and hes to be- accompliahed with-
out introducing undesirable heat leaks or sacrificing structural dntegrity:

In—zddttion, substantial boil-off losgea_and weight penalcies munt be

avolded during the prelaunch period by using techniques that prevent
atmospheric geses from dJffusing futo—the fnculation_and condensing on
the tank.wall. 1f flexible- gas-tight outer skins are ured, theu the—in-
sulation has to be capable of withstanding atmaspheric loads caused by
cryopuuping and_of recovering tta-high inculacing effectivensss afler

such loads sre-remcved at altitude,
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Because data_on the performance of multilayer insulationa under con=
ditions expected to be encountered in actual service have not been ob-
tained, adequate design solutiena for tutegrated thermal protectlion- sys-

tems are.not_available. As & resultr_mulzilagg;,inaulation&_have,nor'been

widely used in. space applications up to this time. The_development efforts. .
required before liquid hydrogen-—tanks can_bhe adequately inswlated to per-

mit epace vehicles ro explore. the-regions beyond_the. vicinicy of the -

earth appear to be_at_least equivalent-to efforts alreadv expended on
the_developméent of_re-entry heat-shield materials,

From the time a_thexmal protection system-is_assembled ia the pro-__
duction plant to- the successf.l compleiion of & desired &pace mission, &
number. of impossd environmetits will affect such a aystem. These- eanriron-
mental interactions need to be recognized and—considered in the various
dasign approaches. and.performance expectations. Of major ifmpurtance to

the performance- of multilayar insulations are thelyr thermal-interactious

with heat sourres external_to the vehicle and with heat scurces on buard
the vehicle., Among th2 external heat sources are the thermal conditions 5
existing on-the ground wriaor to fl1ght, _the asrodynamic heating encountaerad
during the booat phasa..aad the various_radiation heat inputs such ea
direct solar radiatioa_and planet nhine, modified.by possible vahicle !
orientation. On-board heat sourcesconaist of radiative inputs from
othar portions of tne-vehicle anc hent leaks o the cryogenic fuel tank
from supporta. pipes, and other-structural members,

Damage caused by meteoroids of high kinecic erergy .an warkedly
reduce the effectivaness of muitilayer {nsulaticns, unless suitable

shields to mitigaze these affectu-are—incorporated fn-the over-all
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thermal protection.syaste@. Finslly, because a certain amount of handling
and -trausportation of the insulated tanks is necessary prior to lauach,
the thermal protection system must be so designed that these -actions will
not cause a decrease {n reliability or ancincreagsa _in the complexity of
reintenance procedures.

Accordingly, we have undertaken an.analytical and experimental pro-
gram to define the iufluence-of such_variables as temperature, mechanical—
load, gas pressure and type of gas, thermal shorts,.and ocutgassing rates
on the performance-of typical state-of-the-art multilayer insulations.
The _following part- discusses 1) the theoretical considerations-which
spec{fically govern the perfurmance of multilayer insulations, 2) typical
multllayer {nsulation systems—we testad during this prograx, 3) the ex-
perimental therwa! conductivity apparatus we constructed 4) the tast

results we obtained.—and-35)—thelr {wplications,

ILYL. THEQRETICAL _INSULATION PERFORMANCE

The simulisneous action of the-gombined heat tranafer mechaniazms (n
evacuated multilaver- {nsulations has already been treated in considerable
detail in the lfiteraturc.—However, a numbar—cf. prohblem areas concern
spacifically the-practical applicaticns of multileyer insulations; these
areaas are iliusirated in tke following-analytical approaches fov idesllized
multilayer {nsulations that conaiat of floating radiation ahiclds.

&, (as Fressure Within Multilaver Insulations

Multilayer insulations—-must be eva:uated to 2t least 10-4 torr fnr
adequate parformance. Two approaches are possible., The- first.method i

to produce a pre-evacuatad or cryopumped- insulation by-using a ftexible-
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outside shirid. There-is considerable doubt. that the_requirad—high

vacuum could be maintained at_the various joints durfag the severe. vibra-
tion and acceleration of the Jauaching.. YUnless the outs{de skin can_be
remcved at altitude, any noncondensible gases which might diffuse- through
the outer skin of. through the tank. wall would incressge the gas pressure
within the insulation.—aAlso, fn wiew of the_possible. outgasging-of metal
surfaces as- & result of bowbardment by high energy radiastion, it is_gques--
tionable whether the raquired vacuum could be waintained_in_ space, unless

adequate means-for venting were: provided.

The-second. approach is to exclude atmosphecic gases--by purging with
a noncondensible gag such as helfum._In this case, the {nsulation ta not

subjected to_atmospheric pressure; however, reliance must be placed on

rapid venting at altitude, ‘
Venting._te the space envirowmant is required {n both spproaches,
Such venting will depend .ou-the- geowmetsic arrangement of the insulation
layers (e.g., exposure of the adges to the external vacuum or perforation
of tha shiulds) which will be degigned to enhance_the pumping speed for
gas molécules.
1, Edge-Punping
To determine- the—wquilibrium pressure when a panel of multilayer
insulations 4s pumpad only at the-edges, we must first caloulate the —
mesn frea path of a mulecule confined in the space between two. parallel
plates separatad by a distance u.—Lf the mcleculs leaves the lowar-plate._
(Figure-1I~-117-1) with a cosins distribution in angle,- then the wasn

radial distance that the muwlecule—travels befcra—
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EIGURE II-1I-1. .. MEAN FREE PATH BETWEEN TWO PLATES

hitting the other plate is
T 2

} :
r=o f reos9 dy

where dv is an element of solid angle and O is the angle of the path

(11-T11-1)

iR

with respect to the normal to the plates, PR

Since dt = 27 5{n@ dB and r = a tand, the integral -ean te evilu-

ated Lo give

4]

r ¥ . A— (1["111-2)

(3=

The—eorrespondiug two-dimensfonal diffusion coefficlent for motton

parallel to the plane of the plutes is

l - - no-
D—;‘E—cr = i v a (11-111-1
19—
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Now assume that the two-plates are in the form of—a long strip of
width £ and that molecules are outgassing from rhe inierior surfaces at
-2 -

a ne. rate of v cm ~ sec . Then the diffusion equation for wne equi-

librium.density of molecules is

3*N | 2v
[)S;?'~ 2 (II-111-4)

where N-is—the density of the molecules and x is measured from the center
of the strip.

The solution for the case of a.perfect vacuum along each edge of—
the strip is

v 22
N = Eﬁ; (.:r - x? ) ([17'111‘5)

The maximum density occurs at the center of the strip and is

- v 19 v Lﬂ
max 40— nea”

i

(T1-111-6)

If the—pressure is to be less than 10 mm Hg av 25°K, the gas dene-
ity must be less than 4-—x 1012 molecules cm-3. Now--assume., as a typical
example, that the ahield consists of panels 1 meter wide composed of
radiation shields 0.002 cm thick and stacked 40 to the emy, wich spacers
that occupy effectively (", ofthe spaces between the foils,

Then we can-substitute the following vzlues -iu-Equatlon TL-ITI-6:.

L = 50 cn

11-10

drthur M Wittle Pur,

LI

L.

-
sttt il ol 3F-: £k v

e

el




o YR

e

-

B

TR T T T —— T, T R . W TR T T g, e e

3

e =3 x 10" cm sec '
‘Effectivs = 0,023 cm
-3
N = 4 ¥ 1012 om
max

The maximum allowable outgassing rate {s theretfore

v =8 x—108 molecul 2s cm © Sct—l

This corresponds_to_the removal of one monomolecular layer from all ex-
posed_surfaces_ewvery two weeks. Much higher outgassing rates than this
are ltkely to be encountered- {f the-vradiation shlelds and spacers are
exposed to atmospheric—praessure at the time of launching. In which
case, adequrte venting must be provided to prevent destructive effects
due to sudden pressure veduction,

Another difficilty with-edge-pumping is chat at the pumping areas,
the innermost foils must be brought fnto contict with-the-—vacuum outwirhe.
This provides places where sciar vadiation can bypass mosc of the shields

and penetrate almost divectly to the {nsulated tank.
|4 )

2, Broadside Pumping of Perforated Radiacion Shields

Let T be the perforated fraction of the surface of each radlation
shield, so that- T 1is the molecula: rransmission coefflcient. Thus, If
N is the density of molecules on one side of a shield and N' the density

on the other side, the net flux-F of molecules through the shield is

o= gNET - -;.\:'(-1 (11-111-7)

For a stack of shields, this equation can he wiltten in the form
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where na 1s the ser‘es number of the shields,

2 .
As befcre, let v be-the outgassing rate per cm of actual shield

Lot JEE o ]
L

: 2
surface.  Then the number of molecules emitted per ecm per second Into

the space between two shields 1s 2u(l -T ). Thus, for steady-state fliow,

T PR N
i EI__H?#; = 2v(l - T) (1I~-111-9)
S

If ihe array of shislds {s in contact with a perfect vacuum on one side {

and an impervious wall on the other side, the boundary conditions are - 9

N = G forn = 0
s

R =0for n_ = 0
8

Equation II-111-9 gives-for the maximum allowable molecular density:

¢ = :
N L Avd -l ..
niax K

(IT~111-10)

it is of interest to conaider under whaut condftions broadside and

edgr-pumiping are equaily efficlent, O enquating the values of the out- . <
gaseing rates given by Fruation T1-111-6 and I1-113-10, we tind for the )

required relationship

1i-12 ' 1
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If n =100, 7T = 0.1, and a = 0,0023 cm, we find that 7 = 2,9 cm. This
means that for—edge-pumping to be as efficient as broadside pumping with
10/ perforated shields, the edge-pumping must be applied along lines
separated by only 4.€ cm. The excessive exposur~ of the inpermost foiis
in such a design appears to be quite fmpractical. We therefore conclude
that the method ol bruad«ide pumping is much preferrad,

The allowable outgassfug rate with broads{ide pumping may be calcu-

laten from Equation T1-1TI-10 with the foll.owing valuves:

12 -3
N = N ox lu om
MAX
LA T A I
n = 00
é L W 10“ «m svcd
Then
w9 .
= ! x 'ﬁll [y ser !

Actually, the allowahle cutgassing rite must he consfderably less
than t.is, becavse T maugt bhe weyrl helow 0,1 t: prevent oxcessive v.adia-
tlon zZraunsfer (hrough the persorations in the shields,

Ao Effects of stacfe (ae Density

Gonsfider twe a'jaceny padfation shields au temperatures [ oapd T +

LT, The number of ma'acular tmpacts on earh surface per unit area per

second I8 Wo/4, where N 5 toe numher of molecules per unit volune and

T1-17%
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¢.1i8 the.mean molecular velocity. If the accommodation coefficient 1s
unity and the mean free path of-themolecules _Is large compared with the
spacing of the shields, the—average inetic emergy of the molecules _—

ctriking one_shield is ch and that striking. the other shield 1is

cv(T +AT). The heat transfer rate is therefore

q = - &,AT (1I-11I=11)

eince e, is approximately equal to¢ the translational.kinetic energy per
degree at the low temperatures where conduction is important.

The radfatton transfer rate 19

f\ r ‘.‘
AIT) (11-111-12)
1 2 -
e

where € {s the emfaaivity of the surfaces,

The total heat fiux {8 thercfore

3. . L{oT®
q = L NCKAT 4 ,.,(ﬁ.m'._) (1I-1L1-13)
-1

L

o

We—nusti_now sum thig difference-equation over the set of n succes- -— '
sive gaps hetween the ahfelds, 1In doing this, we asaume that < s con-
gtant and thac N ~ 1/T and 5"wffﬁms£nce the pressure is-constant, The

resutt of the sunmation [ay -
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: . — o(T, -T* ,
ng = -}Nlc_lk(./'l‘., Tz - T9) + ( ez Ll‘)‘ {{I-111-14)
—

uheze_Nl,_:.lLELreﬁar_to_the low=temperature side of the shield and T2
refers to the high-temperature side, )

B. Radiation Transfer Wiithin Multilayer Insulations

In addition to the tranamission of heat hy gas conductton through
multilayer insulations, the following radiation transfer conditions arise:

1. Radiation.Transfer- Through Pervtorated Radiation Shields

Figure-II-TTI-2 shows the radiation entering and leaving on the twe

tides ——

|
-a
|

FIGURE- -1 -2 RADIATION TRANSFUR THROUGH PERFORATID SIHELD .

of a perforated shield of emizuivity =, transmission coef{ielent—iy

ard temperature T,  The—energy balance equiotions are

b= b 4 (-1 - 4 (b -1yecT? (11-711-15)
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L =1L +(1-7)}( -e)}' +(1-7eoT* ¢(II-I1I-16)

+ = "L r (11-I1I-17)

Equations II-III-35, -16, and -12. are satisfied by relaticns of-the

form . —

e

I =4 -k (II-11I-18)

- - =TII~-18)

I =B - kng_ (TT=1II-14)
7 Ta_- Q- }ms (11-111-26)

wnere A, B, C, and k are-conatants and R+ as bofore, Lts_the serfes—m.amber
of a given shield, To get I_:_—and T: we replace n, + 1. The constant k
f2-the-gradient 4 (GT&)/A u

On substituting Fquations—1I-111-18, -19, and -20 {nto Equation lI-

FI-15 and -16 and noting that: A _- B 18 the net radlatdon fiux qr. we find
that
REREa L Ao T* ,
ql" (Z-2) (1-7) "&ns" (L-1it-21)

Now supposa-thal a—staek of n shields {8 placed between-two bjack

sheers at remperefures 'I_‘2 and 1.‘1. Then, on_adding_the radfative {mpedances

&rthus B Nietle. Fns,

. e —_ - = -




of the—two outer gaps to that given in II-111-21, we find for the flux:

ATt - T o (Tt Ty s
ST A, T L (1-1r-22)
e+42 - e} e
where €' is the effective emissjvity of the perforated folls:
£lze + (2-2)T- - (11=111-23)

Note-that (II-I1I-2?7) gives correct-vesults for €' = 0 aud 1.

Let ¢ = 9,05 and_1 = 0.1. Then <% = 0.245, Thus, a trans-

mission factor that is_large enough to give an appreciable malecuiar
pumping . speed increases the effective emissivity ofi.the shields by o
favtor of five,.

2., PRadfation Traunsfer bv Closcly Spaced Shields

The usnal formula for radiatden transfer through a stack of radia-
tion shields does not—apply when the spacing of the slitelds (8 less than
the waveleagth of the peak of the blackbody spectral ¢istribution rorie-
sponding to the temperature of the shields, Two effects set in at these
close spacings--wave interference and radfatfon tunneling. Wave inter-
ference of the emitted radiatfon ocecurs in the narrow gaps between the—
shields and may fircreare or decrease- the—energy transfer, depending on
the spacing.—Radiation tunneling allows transfes of radfation that ordi-
nactly suffers total Inteinal reflenrtion fnefde the shield materialy the
resul ting—vnergy tranafer {ncreasrs exponenttally—aus—the sparing decreases.
The two effoects together give -4n energy transfer rate per unit area which

becomes, in the 1imtt of zero spacing,
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- n , 4 _ o4
q = =57 9(Te" - TY*) —

where n_and k.are the real-and- imaginary.parta of the complex refractive

and..T., are the tem-

index, T is the Stefan-Boltzmann constant,_and T2 ]

peratures on the two s. es of a gap.
The_formula-implies that the caciation.density _¢' and-velosity of o

propagation c¢' fn the shield material are:

2
) n” c1
€ Tt e
c
H
o n’c
= ]

For moderate—values of the absorption index k, the flux formula predicts
& transfer rate belween two—tlose ghiulds greater than that between two
black surfaces,

In the case of nietal shields, wher the spacing between the two shields-
1s increased from zero, the radiation transfer rate at first rises sharply
to a high. maximum and then falls Below the usual value for widely spaeed
shields. The flux returns to the normal level when the apacing exceeds- —
about one-halfof the wavelength of the blackbhody--peak. (See Vigure 1I-
¥11-3.)

3. Radiation Transfer Thrcugh Seams and Penetrations

With cepventtonal fnoulation materfala, such asm foaw or glass wool,

oene can easily seal a loint belween—panels by ''caulking' the seams with
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the same material—or by cverlapping the panels., This {s—possible because
these materials have—zotropic thermal conductivity. But. these simple
nmethods—vannot be used with metal radtetion shields, since the conduc-
tivity of .the shieids 13 highly directional... The conductivity of multi-

o layer insulations in the direction perpendicular to the plane of metal
radiation shields {is about—iﬂé—times-Jower than the conduntivity within
the plane. —Overiapping of panels of multilayer insulations 1s therefore ——
useless, since this ties high- and low-temperature points together..—. ... .
Eilling the seams with-pieces of the multilayer material fails for the
same reason..-Lthe use of—{sotropic materials of higher:conductivity,. . . . ...

such as foam or—-wool, alse partially short-circuits the high= and low=

temperature sices of the shleld, but does provide—asignificant improve-
ment in insulation. One possible solution would be simply to leave a
gap at Lhe junctions between all panels and arcund all pipes and struts

that penctrate the panels, {f the extra heat Input at the joints could

be kept- to a4 tolerably low_level with gaps of practical width,

a. Assumptions_and Method of -talculation

Figure Liaille4 shows two panel: of-multilaver insulation of thick-
ness d, separated by a gap of-width % ., The storage-tank wall at the
béttom of the diagram fs—at_a temparature To. The-outermost layer of
shield is—at temperature T1 and 18 made—to bridge the gap by attachmemt
¢l an additional strip of shield after assembly of the panecls,

We assume that all surfaces have the same omissivity €, However,

the atazked shields look black from an edge-on point of view because of

the multipie reflections of the radfation in the narrow spaces between

the individual shields and absorption Wy tle apacer material . We assume.
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fucther—that the effective conductance of the panels in the-plane—of the
shields {8 so large.compared with the radiative conductance across the

gap that the temperature of each shield is uniform. ____ _

4

FIGURE II-1li-4—__GAP BETWEEN TWO PANICLS OF
MULTILAYER INSULATION

We wish to calculate the additional heat Fux that reaches the
storage tank because of the gap.—The most {important contribution to this
flux_arices from radiation interchange across the gap between the oxposed
edges of the two pancls. For example, radiation- from the outer, hotter
layers of -the right-hand panel cam—veach the inner, cooler layers of the
left-hand. panel. The heat transferred in this way immediately sproads
over a large arcva of che left-hand panel, because of +he high conductance
in the plane of the snields. A zertaln fraction of this heat—thea—£inds
ftg way to the tank. The remainder goes In the other direction, towards
the outur layers of the shield.

The—fraction of the heat that reaches the tank is easily found. Let

an increment of heat flux A q he received by a certain shiedd which is
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located at a distance y from the tank wall, as shown in Figure II-ITI-5.

Then the heat balance equation for the fluxes q{ and q;'above and below

the shield 1is:
qQ = 9 + A (II-I1I-24)
o 4

I1f we ignore_canduction through the spacers, we have for the radiation

fluxess

1T - (T + ATY
al = ;"mi_ﬁ_é_f_;mmf (11-111-25)

(T + aT)* - '1'0“
q = ke (1+-111-26)

-

where AT is the small temperature iise due to Aq, and k is a constant,

In the undleturbed state when Aq 18 zero,

%

L]
_—
i

1

i

H1-111-27)

d-y
T4_ 1-.4
- v _ ..o R
_ q, = 4 k ¥ (TI-111-28
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Thus the flux variations in the two directions are

p (Taaty -1

fq, T 9 -4 ¢ TV (T1-111-29)

L (T4 et - T - .
T L L v (71-111-30)

Ezxom—{II-T11-29) and (I1-iII-30) we obtain the desived equation for the

incremental heat flux to the tank:

rq - () A 11T
q, ( i Y Aq (11-117-141)
since
Aqo 4 Aql (14 (TI-111-3.)
Tt
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Equatfion IT-TI1-3! states thit the fracolen of the heat that goes
to the tank falle of ¢ linearly as the listancs @f the shivld from the
tank lucreases. This vesult {s the kev to the calculattion of the addi-
tional fnptt flux aue to the gap at the jun tion between two pancls or
At a penetracion,

b. Heat Input due to a soint Between Two Multiiayer Tnsulation
Panel s

Ihe caleulation of the radfation transfer for the geometiy shown
10 Figure 11-111-4 i greatly simplified tv the re wirement that the guap
width © must be made small compared with the panel thickness 4 it tte
extra heat fuput tu the §ttk—is—to—adiv—tb—i—tobeddb b daved e

Ao d, the top ard bottem sheets, which are o temperatures [‘l and 1
0

renpectively appear Tk bl wkhodies voopatter wnat the oo andasivity
. may he, The reason §8 that t o osmol ’ s Lhe radiation ceceised
by thege surfaces comes predomin, tly from a few nelghboring mecal sajelda,
wialeh appen ke hiackbaody radfators.  Thus, the top surtace recefves

onlv Blackhody radiatfon st appros himetely tts own temperature T The

teficoted raditton plas the emitted cauwiatien from this surface therr -

fore produce essent 141ty hlackbody radiation ot the temperaiure !'l. l'ne

game vosideration applles tu the botten poarface.  Thus, In Flgare 171-110-

4, a1 four surfaces ARurrounding the gap can be yegarded as hlack,

In the calculations, {* ts convenient to express 11l Jdistanees

temporarily in unlts of d, wd all radiatton foax densit, in units of

4 , _ ; /
"-'(T1 - I‘: Alao, afrce crly the differvnce I: M A Inport amt, we

m

wan chonse Tn = ( for simpl: ‘ftv Figupe [1-T1}1-6 showa the reduced

—vAarlahles Tn terma ot these vl bles, the flux emitted hy the mlement

dy, per untt length normal to the place of the dlagram, Te ginmply viv
[v-.3
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The net flux recaived b, dy is

. Léd uy' d_y(l - y) { 1 - - RO AU
net_2_ 63‘+ (y y)3} 272 [.r 1 (1 - y)q]”' —
_dy ¥. (1k-111-33)
g

In the first term thz exp_r_ession% &® {6? + (y" -y ]-"3-/"?‘ is the

view factor betwsan dy and d&y', while y' - v represents the—difference in
the fourth powers of the—temperatures of these two elements. The seeond
term is the net radlation from the top surfaces to dy. The third term
{s the net radiiatfon from the bottom surface—to-dy.

To obtain the total indirect heat input te the storage tank due to
the net radiation entering the side-—walls of the gap, we must multiply

(T11-111-33) by the redistribution factor 1 - y, discussed in the previous

Baction, then integrate-over-w, and finall s multipiy by 2 to allow fur

the -two side walls. The result is

e
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—
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— e
-
S
.ail—‘\-'-..
r
!
¥
g
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The direc*t radiation to Lhe buttom surface (s
|

0 @y i ; Ly "“..___ﬁ-] 1
Yirec [“ *) lj *Ji [' o ydy (11-T11-35)
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where the first term i{s the radiation_from the top surface, and the second
term is the net-radiation from the two side walls._
The _total_extra- flux due to the presence of the gap 15 the sum of

(1T-F+I1-34) and (IZ%-I1T-33), which simplifies. to

1
qtoralz (i + -52)1/3 -1+2 f{l - {52 e ;;d.—-ilra- y_&dy
6

Il
e [ ¥y - pdydy
"_ __"[58-%(3?-' . wilee (VT-ITL.-36)

00

After some reduction, Equation 11-111-36 becomes

: ) (1 i L1 ﬂ")
- + " 1In e s

Fal
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(I1-111-1)7)
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This expression i platted tn Figure T1-111-7,

Returning now to the original variable, we obtatn—for the heat flux per

unit length of- the geam:

L e e AW s T e B e

o *\ .
= d3 (1'14 - |ni)-f (;{ ’ (-1 38)
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It _is convenlent. to express this flux in terms of-an equivalent
width_of the insulating panel that .transmits the same flux for the sme——1 —

temperature difference, The width fpff that does th? i—ts given.by the

formula

& n(_rrlé - TQ‘})
eff (11-111=19)

tt:-l’ln y
ot4d £ -
€

where n.is._tl:e number of shields .

From Equations I1-II1I-38-and TI-ITI-39, we obtain the resuvlt

L | (H-TI7-40)
-3 (z - bn H‘li)
where
o
b 1y -
3 ,/ :iﬂ I 2 });- ) N 1 g 7 d‘ : .
“d)- nll ftF’ (3 ") d;) * (3 s 'i)J d” g - hf:M—“- (11-117-41)
d

Figure 11-111-8 showa how prf/d var,es with “/d for chree diife.-

ent vaiues—wfi-the shielding factor, n(j - 11, For /4 - 0,1 Faquatior [1-

111-48 can he written fn an approximare, scmpler furm:

d : ;
eff ] 2 ) o - -
s ( S (;,, n i) (11-111-42)
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To obtsin an estimate_nf the additional_heat leak-due tc the seams, _
we——consider the Uypical case of a cylindrical tank 10 feet long.and 10
feet in diameter, with flat—ends and ingulated with 100 layers of metal
shield_having an emissivity of 0,05 and—total thickness of 1 inch., If
the insulation is applled in four sections--namely, two énd disks and —
two halves of a cylindrical-shell--the total length of seam is 80 fuet,
The total. area of the.tank surface is 450 ftz. The shielding factor
n(% - 1) is about 4000,

1f-we_allow a gap width at the scams of 7 = 0.1 {inch, then _f/d =-
0.1, and from the upper curve in Figure II-1II-8 we find that. ° _ /d =

off

102. Therefore, ’eff = 102 {nches-—=8.9 ft, and-the effective area of—

‘)
the seams 1s B.5 £t x B0 ft = a80 ft=—— %inco the total area of the tank

ol

is 450 ft°, the seams cause an additicnal “eat {nput of 150%,
Figure 1I-111-9 shows the percentape heat leak as 4 function of- the
gap width., To reduce the leak ar the svams to ., reasonable value, such
as 1U%, one must make the gap no wider .han 0,020 fnch, In view of the
much larger dimengdemr—ehanges In the tank due to thermal contraction
durilng filling, » gap of thi. size would seem to require {mpoanthie
tolerances {n the fahricat'on and [nat. tlation of the tnaulation panels,
Apparentty, the only solvtien teo the problem {a 1o elininate the
arame altogether, Two ways of doiog this s:ggest themseives, [n cne
method the {usulation can he applicd by wonpping the Lank with a continuvus -
nartow strip of the metal shirld, interieaved with a atrip of spacer
material Although (n thie method there would he a continucus metal path
from the outside tc the Insf{de of the rompleted muitilayer (nsulation,

the path would be so long that the -onductive hent leak would prohahly
1t-31
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be negligibhle. In the other method, complete alternating layers of me*al

shield and spacer material can be applied to the tank by filament-winding

or otherwise. iIn-this way, no direct conductive path from outside to in-
side is permitted. In both methods, the shields must be perforated to
allow gas to bBe putped out.

An alternative plan is to give up the use—of-metal shields and sub-

stitute plastic f{lm with a vevy thin reflective metallic coating.— .The

conductivity of such material in irs own plane_is sgo low that the seam

problem is much-less severe

c. Heat-Input Due to the Penetration of a Pipe Thiough
Radiation Shields

As an example 0. a penetration, cunsider the cass—shown in Figure Ii-
111-10 of a vent wipe of radiun r which penetrates the multilay r meial
radiation shfelds  Assume that the pipe is at lhe temperature I‘0 of~the
tatk and is prutected frca direct sunshine by a single shield at tempera-
ture Tl'

Let Y be the emiasivity of the outside surtace of the pipe. Then

the net radiation recefved by a length dy of the pipe from rhe hlack edgers

of the multilayer shield is

dq  2orde, (10 T (11-111-43)

According to the argument use ! previously, a fraction (d - y)/i nf
tirbs—heat conce from the fank ftaclf and rhould therefore not he com-
gldered The vemaining frartion, v/d, comea from the outside, tThus,

the total teat entering the tank hy way of the gap betwsen the ahield

11-13
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d
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; 2 4 . i
= (T - Tph) f vy gy rd(Ty? -1y (T

Yedivect . @&
(

The direct radiation from the outermost foil into the pipe

qdirecr

We have assumed here that the inside of the pipe is black,

a conservative_assumpticn which {4 approached when r/d is small,

The_tesultant heat flow to the tank due to the peretration
z AV - 4
qp: (mr® eord) = (LT - TG (11~
The tota}l heat flow over “he whole surface of the tank is
A
U7~ SRS O .
qt 9 {i 1 Iﬂ ) A
n( < 1Y
£
Thus the fractional leak due ro the penetretion is
IR A 2
({D ( r + g . :,” |r|) |}(‘:~ l)
(.4 -] —— i M. Aem e = —_— e —— . Jp—. ( II"
] A
t
1f we atsumc the previous values n = J00, d » 1 inch, ¢ =

0.05, A = 450 ft2 and take r = 1/2 inch, we find that qp/qt = 0,

v (RS ,.Jb*) (1L~

111-46)

is

I111-47)

This 1is:

it

111-48)

111-49)

111-50)

05 ]

Thus & sir.le l-inch dlameter pipe {neronges the heat flu- hy only 5%,

This (s An extreme eatimate, since the ‘nside of the pipe win araumed to

11-33%
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be black. For a shainy insilde surface, of moderate r/d, the tnput flux
coabd be ownh lese

i . Gdas leakage trom (ryoxenic Puel lTanks
Lo bdbs LedrkAage Trom cryoxenlc R tLY-

Aith preseat technology, 1¢ 1s jvactically impossible to make large
tauks rortguithydrogemwi -l vas-righr welds, The leak rates {rom
large tanks may he so high that the petformance of multilaver insuiations
will be seifously degraded unless proper allowance can he made fn the de-

sign of the rherwal protecttom system, Similar problems may avise wihen

T

the hel jum-mirged xas 1s vented,

Minimum Heat Fiux Thycugh a Stack qq{__!igrmnted Radiation
Shields

L

The analysis of the mintmum heat tlux through a aerices of pertr. 1ted

AR N bR

tadiation shielda con be based on e preceding cadculattons, ard the

heat tranefer tdates due to b th Condietion and radiation can Yy phtained
for any glven valie of the perforation coefficient 1 ., It (s clear that
the total heat Hlar must pass throngh o miafmm a3 1 varies from O to 1,
since the radiatton {8 very large when - {m near unity and the conduction
ia verv large when ' {8 near rzero, It im therefors of fnterest to fina

that best value of ° and tte correapunding minimum value of the flux,

.. - s . P
1

The Ylux due to gas conduction rear the cold side of the atack of

sbhields, where the gas Jdensity is highast, (8, trom kavations 11-171-10

and TI1-ill-11,

- RN Y S
: ll y .

whtete * I {a the temperiature difference across a single gaap. We wilj

- 1
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make no appreciable error

___the whole set cf shlelds,

except near the cold side

in assuming that this expression holds over
since rhe eoffect of ccaductlon is negligible

«f rthe stack, due to the rapidity with which

the radiation factox ALTA rises_with 1

The radiatior rato can be written with safficlient accuvacy, from

Equaticn-11-I11-21, -22, and -23, as

C RNy
qr T ’
b
where T refers to one gap. We have onitted the 1 1n the deaominator

of Equatton L1-111-22 to factlitate further caiculstions, Sine- © 1s
large and < ' amall, this makes no apprectable difference,

The sum of theee two expreastons {r the total tlux 4 atross a given
gap and {8 a Jdifferevce equatfon in 7T ard * 1Y When this pguition is

summed over all the gapa and the 1eault civided by v, we abtain for the

rtotyl Flu

e (2 o)t (1 Y N AR T
PRI " LALEEER A
a(la’ -1 , b ; ' (1
L R L T A I R
( Dn
(H-111-51)
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1!
The first term in Equation II-III-51 {s the radiation flux without
perforations, The second term is the increase in radiation due to the
- perforations. The third term is the flux due to conduction by the gas
) B molecules in the spaces between the shields,
i For any fixed value of n, this expression goes through a minimum *
for a certain value of the perferation coefficient T . The optimum

value of T 1is given by

.; 3 1/3 ;
T 5 Vk(T3 - Th) 5. ;
=n - — (%) (II-1I1-52)
1= o(Te” -Th") ° 2

———

The corresponding minimum value of q is

E 4 _m 4 1R

K g =T Ti) 4 6 uk(Ty - T o(T® TN og) | (LI-TII-53) :
- (== Dn '
-

Equation LI-III-53 shows that, no matter how large n may be, the

flux can never be less than the value

| ) y/2 .
5 =
= - 4 LT Ay (e II-111-54 .
9Uoin @ 6vk(Te ~T1)o(Ta" - Th") (5 ( ) .
- g
Table I7~-111-1 shows how qmm( @ ) depends on the outgassing rate |
B under the following conditions:
o
T2 = 300K
- 25°
T1 257K
€ = .05

k = 1.38 x 1010 erg deg™?

I1-38
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- TARLE JI-III-1

. MINIMUM HEAT FLUX AS A FUNCTION OF
OUTGASSING RATE

———r———d

...' -
E OQutgassing Rate qmin( )
i, (moleculss em™? sec™l) (erg cm~2 sec-1)
i
o
¥
P 1010 33
P
SR 101! 105
H
b, 1912 330
i o3
| ; 3 10t3 1,050
: |
_ é 4 For comparison, when n = 100, the first term in Equation II-III-53
i -2 -
é, i is 118 erg em sec 1. This value corresponds to the optimum heat flux
. ¥ ?f
LA

for an intarplanetary mission, with only radiation transfer through thn
shield. Table II-III~1 indicates that this optimum flux cannot be ob-
tained with practical shielding if the outgassing rate is higher than

1010 molecules cm.2 sec-l.

BRI BRI B Rk ot i

. P
o e

The flux q, as given by Equation 1I-III-51, is plotted in Figure II-

2
I111-11 in Btu/ft -hr as a function of the perforation factor v for vari-

ot e

ous assumed values of the hydrogen gas flow rate \Jo (expressed in both

mo!ecules/cmﬁz-aec and 1b/ft2~hr). The graph refers to the case of 100

Ei shields of emissivity 0.05, with outer and inner temperatures of 300°K
X and 25°K, respectively.
il

Figure II-III-11 shows that an optimum perforation factor exists

}; for any given gas flow rate, Table II-1II-2 gives the optimum value of

| v and the c¢orresponding minimum heat flux q for warious values of the

1’ gas flow rate Voo The table shows that & hydrogen flow rate of 2.5 x

i 10“7 Ib/ftz-hr impaire the insulation Ly a factor of about two, This
11-39
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leakage rate corresponds to only 1 1b per year F:om a tank of 500 ft

surface area,

TABLE IX-IIX-2
OPTIMUM PERFORATION FACTOR 7 opt AND
MINIMUM HEAT FLUX Uoin FOR VARIOUS
GAS FLOW RATES vo

Yo “min
(1b Hzlftz- hr) T opt (Btufftz- hr) {
0 0 0.04 l
2.5 x 107/ 0.01 0.07
2.5 x 107° 0.03 9.14
2.5 x 107 0.11 0.38 o
2.5 x 1074 0.27 1.24 |
1] H
!
4

For the leakage rate of 2.5 x 10 Ib/ftz- hr, which corresponds to

a loss of 3 1b/day from the 500 ft2 tank, the total heat input {8 60C Btu/hr,
which would boil off all the hydrogen in twe months., Actual leak rates

may be even larger tham 3 1b/day,

These calculations indicate clearly that the gas leaking through

[ —

the seams of the tank should not be pumped by the external vacuum through
the insulating blanket, Instead, the gas should be vented dircetly to

the external vacuum by means of a double-walled arrangement, shown sche- i

matically in Figure II-III-12. The leakage of gas into the insulating

layers will be greatly reduced {# the outzr tank wall is reasonably gas~

tight.

1I-40
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Perforatad Multilayer Insulation

Double Walled Tank

FIGURE II-1II- 12 DIRECT VENTING OF LEAKING GAS BY DOUBLE-
WALLED TANK CONSTRUCTION

11-42
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The vent pipe will probably have to extend well beyong the insula-
tior. to prevent d¢iffusion of the vented gas back into the perforated
shields from the outside. The static pressure at the exiz of a pipe of
cross sectior ) cm2 that transmits 3 pounds cof hydrogen per day is about
5 mm Hg; thas, aerodynamic rather than free molecular flow occurs at the
exit.

A much better solution to the ges conduction problem than the double-~
walled tank arrangement would, of course, be the development of a method
for making vacuum-tight welds. It is likely that successeful long-term
cryogenic storage in space will depend on this development.

Tt.e cornfiguration of the perforations in the multilayer insulation
is of considerable importance. For a given perforation ratio, the highest
gas-pumping performance, relative to the inward radiation leakage, 1is
obtained with a large number of smnall holes with an average spacing much
less than the shield separation. This perforation arrangement was assumed
in the derivation of Equation II-III-51. The reason why this i¢ the best
arrangement is that the net flow pattern for both gas molecules and ra-
diation {s then f§n the form of straigh: lines perpendicular to the shields,
except in the immediate vicir 'ty of the shields themselves. The two flow
patterns are illustrated in Figures 11-I1I-13 and -14. The only differ-
ence is that some of the radiation flow lines start and tarminate on
unper forated parts of the shields, whereas the molecu?ar flow lines can-
not do this. |

On the other hand, when the perforatfors are widely spaced relative
to the shield separation, as in Figures 17-111-15 and -16, the radiation

flow i8 much more nearly perpendicular to the foils than is the gas flow.

11-43
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FIGURE II-HI-13 GAS FLOW PATTERN FOR CLOSELY SPACED PERFORATIONS

e mmmmd T T P ———
FIGURE 1I-1H-14 RADIATION FLOW PATTERN FOR CLOSELY SPACED
PERFOKRATIONS
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i The reason {g that the g#s can flow only through the holes, ahereas the
radiation can also flow direetly through the nonperforated ngions by
E the process of absorption on cne side of a foil and re-emiss{on on the

other side. Since the gas must take longer paths through th¢ foils than

the radiation, the pumping efflciency, relative to the radiaglcn leakage,
is much less for very widely spaced holes.
Calculation of the flow patterﬁs of Figure IJ-III-15 and -16 would
be very difficult, but one can see qualitatively that not mugh change
from the conditions of Figures II-III-13 and -14 will occur if the hole

spacing is of the same order as the ghield spacing. On the pther hand,

;‘ for very large hole spacings, the gas flow rate approaches zrro, while
the radiation rate drops to a limiting value. For the case ¢f regularly
spaced holes that are staggered from shield to shield ns in Figurees II-

I1I-15 and ~16, the radiation flux has the limiting value:

a(Ts' - Ty

-2 d -
n(;- 1) \I+T)+l

(TI-I11-55)

i For randomly distributed holes the 1limit is

& [ 4
o(Te” - 'Ih") (Ti-117-56)

2 1-7 ~
eV

For small values of T these two expressions are almost ide&tica].
On the other hand, the radiation flux for nlssely spaced holes, as

shown in Equation II-III-22 is:
o (gt ~ T*)

;
- ' T T - -
“[;+(2-e)¢ 1]+1 [ T1-111-57)

qz

R P
———
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FIGURE II-IH1- 15 GAS FLOW PATTERN FOR WIDFLY SPACED
PERFORATIONS

v

HIGURL T1-111- 16 RADIATION FLOW PATTFRN FOR WIDEFLY SPACHT) PEREFORATIONS
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I A comparison of (I11-II1-56) and (IT~-III-57) shows that, for constant
T , the radiation flux increases considerably as the hcie spacing is

decreased, but the gas conduction flux . :reases by a still larger amount.

+ B
LA

Production problems impose a practical lower limit on the diameter
of the perforations as well as thelir spacing. New production techniques
will have to be devised to obrain the desired perforations and thus in-
crease the insulating performance of multilayer insulations in an actual
¥ instellation,

.. D. Conductive Heat Leaks at Discontinuities Due to Jjoints,
i Supports, and Piping Attachments

g

Once the basic requirements for the payload and the weight of the
cryngenic propellants to complete specific wissions are known, the in-
- sulating effectiveness of the thermal protection system and the maximum
* allowable heat leak through discontinuitier cavsed b+ joilnts, supports,
and piping attachments can be specified. As a rough design guide, no
more than 30% of the total heat leak into the tank should be caused by

such discontinuities, If the proportion were higher than 307, the effec-

o tiveness of the mulcllayer insulation would tend to be nullified, and its
3 application might not be warranted.
T Analyses have been carried out on the heat leaks due to insuvlation
penetrations and discontinuities. These can be classified as:

(a) Weak thermal shorts, where a linearized radiation boun-

dary condition can be applied with acceptable accuracy (e.g., where the

surface temperature is within 1(% of the adiabatic wall temperature).
(b) Strong thermal shorts, when the depression of the tempera-

ture at the outer surface of a foil exceeds 10% of the adiabatic wall

11-47
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temperature and vhen the analytical solution of the problem is compli-
cated by a nonlinsar boundary condition,

(¢) Absolute thermal shorts, where the penetration is so highly
conductive that the tank wall and the outside surface of the short are
nearly at the same tempevature,

Conductive heat ieake are of particular concern after the space
vehicle has left the earth's atmosphere and is subject to the various
radiative heat inputs from the sun and other solar system bodies,

1. Weak Thermal Shorts

Multilayer imsulations can be used with materials such as Teflon to
meet structural requirements and to satiafy the weak thermal short con-
dition. Steel or other separators would not fall into the category of
weak thermal shorts unless an insulator could be installed between the
multilayers and the penetration, In the case of aluminized film, weak
thermal shorts can be abteined for rezsonable thicknesses of very poor
condueting structural materials when the thick.ess of the film asduably
is greater than c¢ne inch.

Figure II-I:I-17 concerns the penetration of multilayer insulations
by various materlals and shows the muximuia widths that these materfials
can have for the weal thermal short approximation to be applicable.

The design of the thermal protectfon system, even with weak thermal
shorts, may have to be modified so that the over-all heat leak is within
permigsible limits, To {llustrate this point, & cylindrical tank 10 feet
in diameter and 20 feet 1#ng would contain about 5000 pounds of 1iquid
hydrogen, and its cylindrical surface area would bs 628 aq. ft. If theve

aca two 10-mil plastic dividing strips arovni this tank, then it cen be
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-1 Insulation
1x 10 F ......:;:.._..z.,_.:;;'#
Tank Wall
|
-2
lx 10
I x 10-3"“
{ x 10'4-
1 x 10'51-.
-t
ixl1l0 | - g
< 2
) ®
r 5
e | e 1 LllllJi_I 1]11L1111|
l x 10 ' j
} 10 100 1000

Approximate Thermal Conductiviry -(Btu—in./hr-ftz-l"‘)

FIGURE H-1I1-17 MAXIMUM WIDTH OF VARIOUS THERMAL SHORT MATERIALS
PENETRATING MULTILAYER INSULATIONS
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shown that the heat leak through these strips would be equivalent to
that of 520 sq., fr, of insulation, Therefore, thie over-~all heat leak
would be increased by more than 80%.

2. Strong Thermal Shorts

Because heat leaks assc-isted with strong thermal shorts are
greater than would occur from weak thermal shorts, design approaches
that convert strong ghorts to weak ones murt be used.

The approach in reducing the heat leak due to a strong thermal
short is to separate the strong thermal shorts from the ends of the
nultilayer insulation, thus bringing them intc the range of wealt thermal
shorts, Examples of the approach that can be followed to decrease the
effect of a strong thermal short are shown in Figure II-III-18. This
figure shows the following:

(a) A strip of evacuated insulation (fibers or foan) separating
multilayer insulation from a thermal short.

(b) A square section of evacuated insulation placed in a
corner to protect the shields in one direction from being shorted by
those in the other direction when the radiant flux impinges equally on
both surfaces of the i{nasulation.

(c) A square section of evacuated insulation, the upper side
of which is kept adiabatic to proteét a joint between a tank wall and a
large pipe or a structural support with negligible heat flow from the
warm end to which these elements would be connected,

(d) A square section of evacuated insulation provided with a
protective radiation shield, the upper side-of which receives the same

radiant flux as dosa the multi)ayer irvsulation,
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Calculations have shown that, for a surface temperature of 300°K
and & liquid temperature of 20°K, the heat leak due to the presence of
a one-foot length of a square cross section of eveacuated insulation is
ejuivalent to from 0.5 to 1.5 &q ft of undisturbed multilayer insulaticn.
The dimensions of the square cross section do not Influence this result
for insulation thicknesses in the order of one inch,

Splices and terminating insulation sections should be placed on
the shady side of the tank or be protected by a shadow shield to reduce
the possibility of edge effects at discontinuities.

Thus, joints, supports, and piping attachments must be given con-
siderable attention. Special design techniques must be employed so that
the heat leak can be kept to acceptable proportions.

3. Fffect of Internal Radiation in Pipes

We have algo analyzed the leakage of heat into eryogenic tanks
through transfer lines. The thermal coupling threugh the transfer line
that joine the cryogenic tank to the relatively warm engine involves
internal heat radiation as well as conduction along the pipe walls. 1If
thermal radiation were absent or negligible, the conductive heat flow te¢
the tank could be kept within reasonable limits by proper selection of
pipe wall materials and thicknesses, However, the thermal radiation
energy emitted at the warm end is partly absorbed by the walls at points
nearer the cold end; some of this energy 18 conducted and some re-radiated
toward the cold end. The resulting radiation and increased pipe wall
gradients can lead to heat leaks that are greater than the h at flow
through the blanket of thermal insulation applied over the entire cryo-

geniec tank.
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We have analyzed the radiative-conductive effect in a pipe, to
determine what heat inleakages might be expected and to provide a guide

for the thermal design of the pipe.

a. Pipe with Length-to-Diameter Ratio of 3

First, we considered a pipe with an L/D ratio of 3. Gray, diffuse
walls have been assumed. (The assumption of diffuse reflection is not
conuervative; specular refiection should lead to greater heat flow by
radiation to the cold end.)

The results can be applied, for example, to a typical pipe 10 inches
in diameter and 30 inches long, with its warm end at 300°k and its cold
end at 20°K. At low end emisgivities, with non-zero wall conductivity,
the total heat leak will be affected by wall emissivity if the latter is
between O and approximately 0.2, The heat leak 1s of the order of a few
watte. At high end emisegivities, again with non-zero wall conductivity,
wall emissivity plays a minor role; the heat leak is quite high (between
7 and 9 watcs) and slmost independent of E:wall' it is therefore neces«
sary for such a pipe to have low emissivity at its ends. However, this
may be difficult to achieve except with shiny baffles near the ends,.

Some variations in pipe design to decrease the heat leak to vaiues
of the order of a watt or less are possible: higher L/D ratios, baffles
at selected points, curved pipes. Im addition, part of the outer surface
of the pipe can be left bare near the warm end 80 that it can radiate to
a cold environment; this will cause the temperature of “he pipe to fall
off to low values for most of its length, In such a case the cold end
views only the distant circle of the warm end cross section, and the

radiative interchange is effectively decoupled from the cryogenic tank.
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b. Pipe with Length-to-Diameter Ratio of 9

We also considered a single case of a pipe with an L/D ratio of 4.
In this case, the end emissivities were considered to be unity and the
wall emissivity zero. The resulting radiative heat leak for a pipe
90 inches leng and 10 ipches in diameter is 2,7 watts, compared with
6.7 watts for a similar plpe only 30 inches long. The conductive leak
depends on the wall conductivity and thickness; it can be added algebrai-
cally to the radiative component, since the twe are decoupled. For a
given wall thickness, the longer pipe will obviously conduct less heat.
1¢ rhe product (thermal conductivity) x (wall thickness) can be neglected
for this long pipe, the heat leak will be gurely radiative and will equal
2.7 watts regardless of wall emissivity, provided the end emissivities
are unity, This again points to the importance of end ewissivities and
to the necessity for pipe design based on considerations of radiative
heat transport.

4. The Possibility of Scaling

When the insulation on a cryugenic tank has been properly designed
and applied. the penetrations of various types (weak shorts, strong
shorts, pipes, strips, pins, etc,) will behave as follows: (1) they
will not interfere with one another, in the sense that the temperature
disturbance due to one penetration will not affect the behavior of any
other penetration; (2) they will alter the temperature distribution in
the insulation blankei (as imposed by external flux) only locally. Under
such circumstances, the total heat inleakage to the tank can be predicted
by superimposing the contributions of the insulation blanket and the

penetrations, 1f each contribution is known separacely.

11-%4

Arthur B Wittie Inc,

-



e

R .

The circumstances postulated above should occur frequently. Where
they do not (i.e., where there {8 stcong interference between various
components), either the system has not been designed properly from a

thermal point of view, or some overriding consideration (e.g., struc-

tural) has been imposed. In the ordinary case, what has-been said about
superposition applies; thus, it is important to be able to predict the
behavior of the blanket itself.

a. Insulation Blanket

The total heat inleakage, QB. through the insulation blanket (con- -
sidered without penetrations) will depend on the incident flux distribu-
tion, the shape and size of the tank, the number of foils and their opti-
cal and thermal proper:ies. We will consider only the steady state.

For & given tank shape and incident flnx distribution (normalized by
dividing by the maximum.flux), the following thresa sets of variables

must be kept constant if two tanks are to be considered similar:

3/4
( 0.0 f i_pz
€ max ktnr
\ O
S
e
and
4 4 .
o \Tug) _ (Tuq __ {
f T
0 max a, max
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where
a « absorptivity of the outer surface of tae outer
foil for the incident radiation
¢ = emissivity of that surface
max - intensity of incident flux at the point where
it is a maximum
¢ = emissivity of the foils at the temperature

1/4
Ta. max = [ao fmax/ Oeo ]

D = a typical dimension of the tank
k = thermal conductivity of the foils
t = thickness of a foil

n = number of foils

0 = the Stefan-Boltzmann constant
T, = temperature of the cryogenic liquid (and of

the tank wall)
a, max = adiabatic wall temperature corresponding to

the maximum incident flux,

1f the chird parameter, Tliq/T , 18 omall compared with unity, the

condition that it be kept constant 18 not a very stringent one., The
other two conditions are sufficient for similarity, provided that heat
flows normal to the foils by radiation only and parallel to the foils by

conduction only. A

For seclf-similar cases, the total heat flow to the tank (no penetra-

J
tions) is :
. 2 ¢ "
Qg (Constant) (a_ £ D% - &3}
n .
0
i
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provided that 2 has the same dependence on temperature for similar

cases (which will be true if the same foil material 1s used in each case),
or that € {s not a function of temperature (we have sesn that little
error 18 incurred in assuming that the latter is true). Since eon/e

is presumed constant, we may rewrite QB as:

n
= 8 -
QB (Constant) r),o fmax D

The condition that the first two parameters be kept constant leaves
some choice in the selection of the remaining variables. This choice
will determine the scaling factor to be used in computing QB for a par-
ticular tank from the results (test or computer) on a similar tank of
different size. 1In the following two examples, ¢ and kt are kept con-
stant and the same foils are used.

(1) If n/D is kept constant, then for similarity,

a_ f .. must vary as 1/D
and

eo must vary as 1/D ‘
If these relaticnships are adhered to, QB will vary as D, Suppose that,
snder direct solar radiation, 8 watts of heat flows into a cylindrical
cryogenic tank 10 feet long, 4 feet in diameter, axls at 45° to the
direction of the sun, and inmsulated with 20 layers of a certain foil.
The outer foll absorhs 20% of the solar radiation ((10 = 0,2) and nas an
emissivity e of 0.9. With this information we can determine the heat
input to a geometrically similar tank--one that 1is, for example, 20 feet

1ong and 8 feet in diameter--under solar radiation from the same direc-

tion, for a large class of situations,.
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In particuiar, [f the 20-foot tenk is insulated with 40 layers of

the same foil, then the ratio n/D is the zame as for the 10-foot tank.

For sinilarity, ao must be 0.1, since fmax (solar flux) is the same in
both cases; also, £y must be 0.45. In this situation, the heat input w l

Q;t will be iu proportion to dimension--namely, 16 watts for the Z0-foot tank.

(2)y 1If n/D2 is kept constant, then for =imilarity, : é

a f must vary as D2/3 .
o ~max

and
2
30 must vary as 1/D

if these relationships are adhered to, QB will vary as D8/3. If the 20- B —.

foot tank in the example above is insulated with 80 layers of the same

foil, then the ratio n/D2 ig the same as for the 10-foot tank. For simi- I

2/3

larity, O must be 0.2 x 2°/° = 0,317; €_ must be 0.9/2° = 0.225. 1In 1

this situation the heat input will be 8 x 28/3 = 50,5 watts,

. Penetrations

Once the behavior of the blanket can be predicted, the contribution
of penetrations must be considered.

If, as postulated above, a penetration affects the temperature dis-:

. -

tribution in the insulation blanket only locally, its contribvuation wfll

"

be determined by inserting it (in a test or computation) at the correct
location on the tank. The reason is that the temperature Aisiribution
in the undisturbed blanket in the neighborhood of the penetration is the
environment that will determine the heat leak through the penetration,

For example, a penetration located on the sunlit sids of a tank (vhere

PR, N VIR & Ty e eer e R Tt

the temperature gradients normal to the tank are high) will produce a

graater heat leak than if losated on the shaded aide.
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Penetrations constituting strong and absolute thermal shorts will

in most cases have to be c¢onsideored individually, as their effect cannot

be predicted with linearized analysis. Note, however, that even a strong

short may alter the temperature distribution in the insulation only

Pk

locally; hence, its contribution can be superimposed, even though the
(local) disturbance and the added heat flow be large.

T The contribution of a weak thermal shoct to the total heat leak is
A more easily dealt with in most cases, a8 has been discussed in our pre-~
vious reports. There are exceptions, such as when a reversal in tempera-

ture gradient occurs within the foils. In the latter situation the local

[
[ e |

o gradient at the tank wall may be disturbed appreciably by the presence
of even a weak short. Therefore, all penetrations must be carefully con-

sidered in order to determine the effect of each one on the total heat

leak into a cryogenic tank.

e b
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IV, INSULATION SYSTEMS

The concept of an insulation composed of a series of radiation
shields separated by non-cenducting spacers, although relatively simple,
Aﬁé hinges on the-availability of suitahle materials. The discovery of the
high insulating effectiveness of multilayer insulations did not immedi-
ately result in their wide application, becauce practical problems were
involved in obtaining either metallic or non-metallic radiation shields

and spacers that were thin enough to permit the use of about 100 radi~

ation shields per inch.

Because the phenomeuna goveruning heat transfer through these insu-

lations have not been thoroughly treated in the literature, materials 1

selection has procveded primarily on an empirical basis. In making cur

P

selections of suitable materials to be used in the test program, wn
were guided by the following criteria:

1. Are the insnlation materials now commercially available or will
they shortly be made available?

2, Arxe the material properties constant and reproducible so that
test reaults ccn have generalized applications?

3. Can the materials withstand some of the environmental factovs
which the thermal prctcction system may encounter during service?

4. Can the materials be applied to large liquid hydrogen tanks at
a coat commensurate with their performance?

5. Are these materials avaiiable for test purposis without re-

strictive proprietary conditions?

e
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On the basis of these criteria, the materials shown in Table II-IV-1
were used in assembling different multilayer insulations. The table
indicates the nature of the radiation shield and spacer material, gives
details of their construction, and indicates where they were obtained.
In addition, some materials were supplied to us by manufaciurers either
assembled in multilayers or with instructions on how to do so. The
variables studied with each insulation and the corresponding test num-
bers are also listed in the tabie. Figure II1-IV-1 shows enlarged views
of the different spacers.

In addition to multilayer insulations, samples of foam and foam-
filled honeycomb were also tasted because of the posaibility of using
a composite structure of foams and multilayer insulations.

We are fully aware that further optimization of the multilayer
insulations, both as to the type of materials used and tkhe specific
prog~tties, can be accomplished. However, we believe that the materials
tested represent a broad cross section of the materials that are now

commercially avaiiable.
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10 x Size

Fiberglase Mat
0.01l4 inch thick
contained in System ]

Polvester Fiber Mat
0.003 inch thick
contained in System G

10 x
Fibargiass Cioth

0.001 inch thick
coatained in System K

Glass Fiber Paper
0.003 inch thick
contained in System I

Vinyl~Coated Glass Fiber
Screen 1/8 x 1/8 mesh
contained in System A

FICURE 1I-1V-1 ENLARGED VIEW OF TYPICAL SPACER MATERIALS
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V. EXPERIMENTAL AFPARATUS

A. Design Considerations

e

To measure the effects of different variables ou the performance
of multilayer insulavions, we considered three basic designs of thermal
ronductivity apparatus; spherical, cylindrical, and flat plate, We
found that no single type of apparatus described in the literature could
weet all the required test conditions, namely, to permit the measure-
ment of the effect of the following variables on thermal conductivity:

1. boundary temperature

2. gas pressure

3. gas type

4. mechanical load

5. gas purging

6. number of shields and thickness

7. thermal shorts and discontinuities.

After consultation with the National Bureau of Standards, Boulder,
Colovado, we decided that a flat-plate thermal comduct.vity apparatus
would be best suited for the erperimenial) program because:

1. The test sample can be a small, easily assembled disc of
varying diameter,

2. The sample can have A wide range of thickness which can be
accurately measured while the sampla is in contact with temperature-
controlled boundaries.

3. A mechanical load can be applied to the sanple under test.
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4. The sample can be installed under closcly controller conditions.

Our experience with th.. single-guarded cold plate thermal conduc-

r

tivity apparatus, similar in design to the Wilkes calorim..er, helped

us to establish the design criteria for the new apparatus. The latter

ey boned BB

JERCSL W ST RN

incorporates the following features:

-k 1. Thermal conductivities of multilayer insulations, powders,

4
-3

fibers, and cellular insulations of organic and inorganic materials,
ranginz from 0.0001 to 0.5 Btu-in./hr-ftz-oF can be measured.
;E 2. The cold side of the sample can be exposed to a range of dis-

crete temperatures from ~452° to -22°F1 depending upon the boiling point

Cmee
g

of the specific cryogenic fluid used, The warm side of the sample can
fg be exposed to any temperature from -422° ta 500°F. During the test,
warm side temperatures can be changed or closely controlled by supplying

;i a fluid from a constant-temperature bath.

]
i
i
i
1

3, The sample can be exposed to any desired gas at pressures from

e

1076

torr up to 15 psia. The gas in- the test chamber can be changed
“ and the test chamber purged with an inert gas during a test,
4, Mechanical compression from 0 to 50 psi can be applied to the
‘i sample by a calibrated pressure unit while a test is in progress,
| 5. The distance between the cold and warm plates can be adjusted
- and measured to within 0.001 in, during a test so as to change the density
of the sample without interrupting the test or changing the sample.

6. The edges of the sample can be exposed to tamperatures ranging

t from —452° to 500°F during the test by meanr uf a guard shield.
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B. Description of the Apparatus

Figure 1I-V-1 shows the apparutus and Figure 1I-V-2 shows the
design details, The major components, all of which are werde of stain-
leas steel (300 series), are as follows:

1. guarded cold plate

2. warm plate

3. sample chamber

4. nitrogen jacket

5. bell jar

1. Guarded Cold Flate

The guarded cold plate is the bottom of the measuring vessel which
has a capacity of 2.5 liters and a diameter of 6 inches. The measuring
vessel is completely enclosed by a guard vessel, 12 inch diameter and
27 liter capacity, except its lower surface which is on a plane with the
lower surface of the guard vessel, Tegether these surfaces form the
cold plate which is in contact with the gsamp-e during tests. The thick-
ness of this surface on both vessels 1is 1/4 irch end the temperature
drop across it is estimated not to exces% 1°F.

The measuring vessel is connected to the cutside by three staialess
steel tubes, each having & 3/8-inch diameter and a wall thickness of
0.016 inch. One tube is a fillrand purge iine; another is a vent; the
third is & relief line. The mechanical load uppliea to the sample is
transmitted from the measuring vessel to the guard vessel by these tubes.

The heat transferred beiween the two vessels by conduction through the
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LIQUID NITROGEN
GUARD VESSEL \

R RADIATION SHIELD-.

7z L‘F/VACUUM JACKET
. | /VENT LINE
N . //FILL B PURGE LINE

/CUPPER EGQUALIZERS

VACUUM PORT -

\

~VENTS
COLD PLATE GUIDE

GUARD VESSEL

/"/?”/’

FILL & PURGE LINES ~=m

MEASURING VESSEL —~—-% |

I
DEVICE FOR %

MEASURING SAMPLE

3 VENT LINE
y_—

iy FiLb LINE
.-r'//

: ]
THICKNESS — L B ;-—""/___,;’—-«RADIATION SHIELD
I -

N SAMPLE

SAMPLE CHAMELR | o SKIRT
—
- / ‘—__h..

CHAMBER PRESSURE R~ —
e 3SURE PURGE LINE

——
——

pe I PRESSURF. GAGE LINE

TO VACUUM
PUMPS

s
|

ey

hy L W

. —
g——————me

— i —

1
DIAL INLICATOR ()

HYDRAULIC JACK PRESSURE

FIGURE 1I-V-2 CROSS-SECTION OF DOUBLE-GUARDED COLD PLATE THERMAL
CONDUUTIVITY APPARATUS
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three tubes, by radiation from the gold-pla.ed walls of the vessels, and

by residual gas ronduc:.ion (if the vacuum between vessels 1is kept under

5 x 10-6 torr) is less than 3% of the heat transferred through a sample

|

with a heat flux of 0.15 Btu/hr-ftz. Other featuras in the design

. M

of the guarded cold plate assembly include the following:

a. Both guard and measuring vessels have inner shields of
copper which serve as temperature equalizers to prevent theimal strati-
ficarion of the liquid at low heat fluxes and az a radiation shield if
the liquid level is low in the gusrd vessel. |

b. All lines to the measuring vessel have radiation traps l
in the form of a tee imside the guard vessel.

c¢. During replacement of the sample, the cold plate assembly
is guided accurately along the vertical axis on three rods.

2. Warm Plate

The height of the warm plate of the apparatus can be adjusted by
means of a double-acting hydraulic cylinder (see Figure 11-v-3) This
not only permits the teating of samples with varying thicknesses ot up
to 2 inches but also makes it possible to apply up to 50 psi mechanical
compression to the sample or to decrease its thickness during a test.

A calibrated pressure geuge provides an indication of the pressure
applied to the sample.

To keep the warm plate at a constant temperature, heated fluid or
a cryoge:iic liquid can be channeled through a 7-liter reservoir attached

to the underside of the warm plate, If temperatures between the boiling
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pointe of the cryogenic liquids are txequired, cold or hot vapors can be
sprayed through nozzles onto the plate. 1In this case, a constent tem-
perature can be maintained by automatic centrol of ihe cpraving rates.
Eight theiirocouples are embedded at various lccations in the top surface
of the warm plate to measure its temperature,

The warm plate has ejght radial grooves 1/16~inch wide by 3/16~inch
deep and a 3/4-inch cpening in the center (the total open area is less
than 107% of the sample surface) to assist in the evacuation of the sample.

Three rods with dial indicators spaced at 120° are used to measure
the distance between the cold and warm plates and the parallel alignment
of the plates to within 0.001 inch at all temperature conditions. Since
the measurements are instantancous, they are independent of thermal
shrinkage of the rods.

3. Sample Chamber

The sample chamber is bounded by the cold plate assembly on top,
by the warm plate on the bottom, and by a skirt which constitutes the
guarded side wall. The upper part of the skirt is surrounded by a split
copper ring which serves both as a radiation shield at 'Yguidi nitrogen
temperature and as a thermal short to the lower part of the skirt. The
copper ring intercepts the heat leak from room temperature surfaces to
the guard vessel, The skirt {tself can be removed and replaced with a
heated shiuld if so desired. A horizontal copper ring between the warm
plate and the sample chamber prevents radiation from warmer parts of

the apparatus from reaching the sample. The sample chamber can be
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hermetically sealed by placing a stainless sheet against the ~old plate;
it is then possible to evacuate the sample under test to any degree of
vacuum or to introduce different gases into the chamber independeutly

of the vacuum in the main vacuum jacket surrounding the cryogenic

vessels.

4, Liquid Nitrogen Guard Vessel

The liquid nitrogen guard vessel has a 36-liter capacity. Its
primary function-is to decrease the boil-off rate of cryogenic fluid
in the iunner guard vessel, especially if liquid helium or hydrogen is
used. Also, it keeps the top of the side wall of the sample chamber
at 4 low teumperature. It is provided with a copper equaiizer radiation

*
shield similar to the one in the imner guard vessel.

5 Bell Jar

The cold and warm plates, sample chamber, and nitrogen jacket are
placed inside a bell jar consisting of top and bottom plates and a
cylindrical shell bolted in the middle. The shell {8 made in two parts
to reduce the distance that the bell jar must be lifted when a sample
is placed in the apparatus.

€. Instrumentation

l. Vacuum System

Figure 11-V-3 shows the vacuum syctem and instrumentation used

* Unless "liquid nitrogen" is specified, the term '"guard vessel" is

subsequently used 4in this report to refer to the inner guard vessel.
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in conjunction with the thermal conductivity apparatus. 7Two mechanical
pumps and one diffusion pump with a liquid nitrogen trap and a system
of air-operated vacuum valves allow the tell jar and the sample chamber
to be evacuated independently. An jfonization gauge and a thermocouple
gauge are used to measure the pressure in the bell jar; another set of
identical gaug;s measures the sample chamber pressure. In addition,
the sample chamber has a compound gauge which permits measurements to
be made over a pressure range from 0 to 50 psia. A third ionization

gauge is installed between the 4-inch air-operated valve and the liquid

nitrogen cold trap.

2. Temperature Measurement

Sixteen thermocouples are available to measure temperatures of
different parts of the apparatus and the sample. The temperature of
the warm plate is measured with eight thermocouples embedded in its
upper surface. Five thermocouples are available to measure tempera-
tures of the sample or any part of the chamber. Three other thermo~
couples can be usud to measure the temperature of the sample chamber
radiation shield, the sample chamber skirt, or any of the walls of
the thize cryogenic vessels,

3., Gas Pressure Control Device

The gas pressure over the cryogenic liquid in the measuring vessel
and guard vessel 18 aubject to atmospheric pressure changes. These
changes can lead directiy to bofi-off measurement errors. Calculations

show that the pressure above the cryogenic liquid should be controlled

within + 0.1 torr; however, Lhe atmospheric pressure variation may

11-77

Arthur B Nittle, Ine,




extend over severc) torr during a testing period.

Figure II1-V-4 is a schematic of the gas pressure control device.
This device, which is basically two "L' shaped tubes filled with mer-
cury, maintains & near-constant pressure level. Reduction of the at-
mospheric pressure variatiou is achieved by exposing a 6~inch-diameter
surface of mercury in the longer leg of the "L" to a vacuum and sub-
mitting the gas in the measuring vessel and guard vessels to the pressure
corresponding to the height difference c¢f the two legs of the mercury
column (approximately 800 mm). The exit of the line carrying away
the boil-vff gases is imumersed in the mercury of the one-inch-diameter
short leg of the '"L" tube, This short leg is subjected to atmospheric
pressure variations. Variations in the tube mercury level change the
height of the mercury column between the level of the mercury surface
in the bell jar and the exit of the boil-off gas lime. The change in
column height is proporticnal tc the ratio of the areas of the tube
anda the beil jar. Thus, approximately : 1% «f the a:mospheric pressure
change is sensed by the gas in the measuring and guard vessels. Two
low-vapor-pressure o0il manometers indicate the pressure dlfferences
between the measuring and guard vesseis, This pressure difference 18
arranged to be about 1 mm of oit, the guard vess1 is me.ntained at the
higher pressure to prevent 1econden§ation of boil-off gases., Table

I1-V-1 shows typical performauc data of the pressure enatrol system,
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4, Automatic Boll-0ff Rate Recorders

a. Low Boil-QOff Rates

Figure 11-V-5> shows the device used for automatic recording of
low boil-off rates up to 0.04 ft3-hr from the measuring vessel. The
bnil-off gases are allowed to collect in a graduate closed at the upper
end by a soiencid valve. As the pressure builds up, the oil is dis-
placed and collectea in a reservoir whose surface area is large to
minimize the effect of o0il level changes until the lower photoswitch
opens the solenofd and the gases are withdrawn rom the graduate with
an aspirator. As a result of the pressure reduction, the oil rises in
the graduate until the solenoid valve is again closed by the upper
photoswitch. By recording the number of times a fixed vclume of gas
is collected, one can determine the hoil-off rate.

b, High Beil=-Qff Rates

Figure 11-V-6 shows the device for automatic recording of high
boil-off rates from the measuring vessel. This device utilizes a wet~
test meter, a switching circuit, and a recorder. The wot-test meter
is modified by adding a rotating fuce with attached magnets which acctuate
a switch that is fixed to the meter frame. This device provides an un-
interrupted record of hydrogen boil-off rates and allows rapid completion
of tests, because it clearly defines when thermal equilibrium is
reached.

D. Test Procedure

A compiete test can be run in two to three days, depending on the

11-80

A -thur M Nittle ¥nr

-~
- -




Aspirator ete———

lenoid Valvoes
Photo Switch

Light Source :
&} ——— J—— —_— L )
Receiver

Graduate =7 7=

Photo Switch

Oil Reservoir (large surface area)

k Pressure Control

System

.
Apparatus
Boil - Off

= Recorder

Controls

FIGURLE I1-V-5 APPARATUS "OR RECORDING LOW BOIL-OFF RATES
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TABLE 11-V-1
TYPICAL PERFORMANCE DATA OF THE PRESSURE CONTROL SYSTEM

January 3, 1963 January 5, 1963
Time Boil-off Rate Barometer Time Boil-off Rate Barcmeter
— {(cc/hr) (mn_Hg) — (ce/hr) (mm_Hg)
2:15 12:00 768.9
2:45 220 768.9 12:30 150 768..
3:00 240 1:00 150 768.4
3:15 220 1:30 140 768.3
3:30 220 2:00 140 768.1
3145 220 768.8 3:00 150 768.1
4:00 220 3:30 140 768.2
4:30 240 4:00 140 768.2
5:00 220 768.9
5:15 220
5:45 220 769.0
6:00 220
b:15 220
6:45 230 769.1
7:15 230
7:45 240 769.2
8:G0 240

January 8, 1963

Time Boil-off Rate Barometer

e __ (ec/hr) (nm_Hg)

1:25 758.0

1:40 120

2:40 115 757.5

3:10 120 757.5

3:40 120 757.4

4:40 125 757.7

4:55 120

5:10 120

5:25 120 757.7
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insulating effectiveness of the sample used. It takes approximately one
day to break down the unit, install a new sarple, assemble the unit,
evacuate tune bell jar, and fill the vessels with cryogeric flufds. A
part of the first night is needed for the unit to achieve thermal equi-
librium; data can be automatically recorded during the rerainder of the
night. For most sumples, the eryogenic liquid is blown out by the end
of the secoal day, and the second night is used for warming up the unit.
Ssmples with extremely low thermal conductivity, such as thick samples
of multilayer radiation insulation, may require two days of running

time to achieve tharmal equilibrium,

The following steps have been, or should be, taken in-the operation
of the thermal conductivity apparatus to insure that accurate and repro-
ducible data are obtained:

1. The measuring vessel shculd not be filled during a test, so
that equilibrium conditione will not be disturbed. For a typical good
insulator, the measuring vessel need not be filled for several days,
For low conductivity samples, several hours may elapse before equili-
vrium conditions are achieved.

2. At very low boil-off rates, stratification of the liquid may
occur., Copper wool has therefore been placed in the measuring vessel
to provide better temperature equalization and reduce the probability
of stratilication.

3. Close cuntrol over the pressure difference in the measuring

and guard vessels mist be maintained to prevent heat exchange between
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the two vessels, This pressure difference, as explained earlier, is
measured by manometers connected to the measuring and guard vessels
and is maintatined at about one millimeter of oil, The guard vessel
is kept at a slightly higher temperature than the measuring vessel,
80 that boil-off gases from the measuring vessel do not condense on
its walls.

4. Changes in the ambient barometric pressure during a test
period are not unusual and could lead to a corresponding change in the
enthalpy of the cryogenic liquid. The gas pressure control system com-
pensates for these changes by keeping a constant pressure within the
measuring and guard vessels,

5. The design of the apparatus insures that the warm and cold
plates are kept parallel throughout a test; this is necessary to prevent
the samples from being subjected to unequal compression, which couid
result in a departure from the postulated one-dimensional heat flow con-
ditious.

€. The diameter of the sample should not equal the diameter of
the measuring vesse! when a guard riug made out of the same sample
material 13 used. Radiation from the warm plate could be transferred
through the small opening between the sawple and the guard ring and
then be trapped in the space between the measuring and guard vessels,
which would lead to an increase in boll-off rates,

7. Because the samplc is not infinite in extent, the effect of
edge lossz2s must be considered. The design of the sample chamber per-~

mits ccntrol over the temperature gradient of the surfaces viewed Ly
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the edges of the sample. 1In addition, the emittance of the side walls
can be concrolled by treatment of the surface to reduce reradiation or
reflection from the warmer parts of the sample chamber. The exposed
edges of multilayer insulatiosns must be protected from radiant heat
exchange. These edge effects are discussed in Sectioa V-F,

8. Where feasible, the physical properties of the sample (emi-
ssivity, vapor pressure, internal structure, etc.) should be measured.
Variations in any of these properties may produce a difference in
thermal conductivity between nearly identical samples.

@, Although the gas pressures in the bell jar ard sample chamber
are measured, no direct measurements can be made of the pressure exist-
ing within the sample. Thus, some uncertainty exists regarding the
contribution of gas conduction to the over-ali heat transfer, particu-
larly in those materials which are known to have a finite vapor pressure.

E. (Calibration and Reproducibility

1, Electric Heater

Figure I1-V-7 shows the results of a typical calibration test when
& smali electrical heater is attached to the bottom of the measuring
vessel as the only heat source, The warm plate and the cold plate are
kept at 77°K. The initial point on both curves establishes that the
“eat leak to the measuring vessel, when no power is supplied to the
heater, is zero. The solid curve 13 based on the ideazl performance.
The dashed curve is based on experimental data and shows a 3% deviation

from ideal conditions. The power loss in the heater leads is partia.ly

respunsible for the 3% discrepancy.
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The over-all accuracy of the tnermal conductivity apparatus is
estimated to be + 10%. This estimate is based on the accuracy of measur-
ing the voiume of boil-off gases, controlling the gas pressures above
the cryogenic liquids in the measuring and guard vessels, the effect of
atmospheric pressure changes on boil-off rates, the differen:e in liquid
level in the guard vessel, and the temperature measurement of the cold
and warm surfaces. This estimate is conservative compared to the
electrical heater calibration tests,

2. Standard Sample

The same sample of multilayer insulation was tested in three
thermal conductivity apparatus (see Section VI) to compare their per-
formance. In these tests the warm-plate temperature was not controlled
and was subject to seasonal temperature changes in the tap water cir-
culating through it. Table I1-V-2 gives the test datea. The test data
were corrected to a common warm plate temperature. This heat correction
was found to be -0.02 for apparatus i, 2 and -0,03 Btu/hr-ft2 for
apparatus No, 1, for a warm boundary temperature of 37°¢. The corrected
heat flux values for units Nos. 1, 2, a2ad 3 were 0.21, 0.18, and 0.18
Btu/hr-ftz, respectively. These data indicated that tescs of this
sample on units Nos. 2 and 3 were reproducible, and that there was an
apparent discrepancy in the results of the test on unit No. ] of about
154. However, such a discrepancy could have been the result of degrada-
tion of the reflective properties of the sample through handling or
method of storage as well as the resnlt of the performance of the ap-

paratus.

I1-88

Arthur B Wistle, Inc.

T

e e
LR T

—



oy puad B O

s - 1
[ i1

A oL e
[T

LR T
F——

a1
Mol

¥

au S S e

The greatest uncertainty in the test results is assoclated with
the sample itself, specifically, the reproducibility of the quality of
the materials from one sample to the next for the same insulation
system. Tempered aluminum foil and fiberglass mesh have provided the
most reproducible samples. However, because the thickness of the
fiberglass mesh spacer is not closely controlled, the change in spacer
thickness may lead to a slight change in density of this multilayer
insulation, |
F. Effect of Discontinuity (Edge Effects)

The calculations of thermal cﬁnductivity of a sumple tested in a
flat-plate calecrimeter assume one-dimensional heat flow through the
portion of the sample below the measuring vessel. Any deviation from
this will introduce measurement e.rors. The guard vessel is designed
to minimize deviations from one-dimensionel heat flow due tc edge
effects. Such effects are caused by radiation heat exchange with
surfaces of the apparatus that are wermer or coolerthan the sample,
and they cause a distortion of the temperature gradient in the vicinity
of the sample édges.

Because of the strongly nonisotropic behavior of multilayer in-
sulations, these temperature distroticns are rapidly propagated into
the sample. In particular, when a certain sample thickness is exceeded,
the guarded section of the sample may not be properly proporticned to
asgsure the desired one-~dimensional heat flow through the measuring

section.
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1. Analysis of Edge Effects

The following analysis demonstrates the magnitude of the errvor
that would be incurred with the conventional guard ring arrangement

and shows how to modify the guard ring to obtain accurate measurements,

» - =% A

H

FIGURE I1-V-8 SAMPLE BETWEEN CIRCULAR PLATES AND
SURROUNDED BY VERTICAL PLATES

i

- Q i

Consider the experimental arrangement shown in Figure II-V-8, in
which a disk-shaped sample of multilayer insulation consisting of N-1
radiation shields with spacing h, is placed berween two circular plates
held at temperature Tc and TH, respectively. The upper plate is di-
vided into an inner measuring disc and an annular guard ring. The
sample is surrounded by a vertical cylindrical wall at a temperature
Ty

The heat flux to the inner disc of the upper plate can be calculated
in terms of TH’ Tc, and TW‘ For simplicity we assume Lhat the metal
shields have infinite conductivity, and we ignore the effect of the

spacers, Thus, each shield has a uniform temperature. The heat balance

equation for the nth shield is

I11-90
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g'—':—'l- (20'Tn —UTn_l oT- 1)-2ﬂ&h(0Tw GTn) (11-V-1)
€

where a is the radius of the sample, € is the emissivity of the foils
and o is the Stefan-Boltzmann radiation constant. The term on the right
of the equation is the net radiation received from the cylindrical wall,
which we assume to be black. The spacers between the_shields are also
assumed to act like black bodies.

The general solution of the set of difference equations represented
by (11-Vv-1) s

n

oT* = oT 4 4 0A 81“ + BB (11-V-2)

W a
where A and B are arbitrary constants and ﬁl and ﬁz are the two roots

of the quadratic equation

B® - 2 [1+% ('26 -1)]B+1=0 (I11-v-3)

For a typical case studied in the thermal conductivity apperatus,

h = .0i8 inch, a = 3 inches, and € = 0.05; thus,
8, = 0,51, Bg =1,95 (11-V-4)

1

The constants A and B are determined by the boundary conditions

at the tcop end bottom, which have the form

A 4 oy~
UTC -cTw + A+ B (11-v-~5)
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and

GTH" = gTw“+ ABIN + BBaN | (13.-v-6)
Thus
- (cTH4 - oTw“) - SQN(UTW“ -oT )
A = i S (11-v-7)
B, - B
and

(o'rH* - c'rw") + BIN(OT ‘-cTc‘)

B = w r
L N N (II"‘“‘S)
B, - B
The flux to the upper disk is
nh?
Q=57 (oT* - UTC*)
S-1
P - 4
- ‘2”’ (oT,' +A8 +88, ~°Tc)
'E-l
. (82 -B)(oT.}-0TA) -(8 BN-s,,eN)(oT‘-cT")
_ mh* 4 < ! H w 12 1 w C
=3 (cJTW -GTC)+ N N - =
E"‘l Bz - 81

(11-v-9)

If N i3 reasonably large, 32 ">.‘> alﬂ, and (11-V-9) simplifies to

»
Q=..;_l?.._. (1 -8, - E‘;..:.E‘..)(UT t _oT ")+(Ml)(o'l‘ Y eoTeh
i B.N w C B.N H

€

(I1-V- 10)
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Por the case N = 10 and with the values of Bl and 52 given by

(I11-v-4), the flux becomes

-
Q= zﬂb [0.49 .jo’rw? - oTC‘,")-i- 0.0018 (cTH‘ - oTC‘)] (I1-V-11)

—-=1
€

Thus, the effect of the side wall temperature T; is 27% Jimes

larger than that of the hot plate temperature TH' Clearly, no meaning-

ful measuremenss can be obtained with this experimental]l arrangement
unless the sample is suitably guarded.

2, Insertion of a Buffer Zone

The difficulty with the arrangement of Figure II-V-8 is that the
cylindrical wall at temperature 'I‘w couples much too strongly with the
flux-colleciion disk at temp rature Tc because of the excellent tan-
gential conductance of the metal shields. The remedy is to insert an
annular buffer zone between the aide wall apd tire shiwnlds, as shown

in Pig.re I1-V-9,

[

Z . = ‘ - ==7

Ll

T A——r - Jrm———

TH

FIGURE II-V-9 SAMPLE WITH ANNULAF BUFFER ZONE
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a. Required width cf Buffer Zone

Figure 1I1-V-10 shows iie heat flow pattern in the buffer zone.
Near the side wall the lines of flow are considerably distorted, but

they rapidly straighten out at s short distance from the side wall.

FIGURE 11-V-10 HEAT FrLOW PATTERN IN BUFEF R ZONE

The width of buffer ring needed to make the flow pattern uniform can
be calculated as follows;
In the case of a buffer material of uniform conductivity, the
temperature distribution must satisfy Lapluce's equation
:;)a 1\ ’)2 VI'I

,:;:,r_ + ._f:_‘_".'-z—' = “ ("-V-i?)

where, for simplicity, the curvature of ithe slde wall nas been neg~

lected,
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where d is the thickness of the buffer zone.

_ . y
T = ’I‘C + ('1‘H TC) "
m "m ‘i
2 n o ) d nny !
+ Z — [{ L-(-1)'} (Tyy~T)+(-1) (T TC)]E sin — ia
n=1 1
(11-V-13) 1

The heat flux density received by the upper plate is

3T
q=K{xZ
oy y=0
_nﬂx
-—-'5(T - T )+35- {1-(-1)"}(1‘ T Y+ (-DNT,.-T) [ e d
“d'H O 'c’d Z] w C H 'C
e (11-V-14)

For sufficiently large values of 1, only the first term of tne

serdies in (I1I-V-14) is important. Then X

- -~

K 2K d
= = (T. - L 2T -T. ) - (T..-T -V-15§
1 d( H I‘C)+ d 2(FW C) (FH C) ¢ ar 1)

The flux becomes coustant t. 1%, and therefore the lines of flow

become cassentially straight, when

X 2 2d (II"V"]f))

-

Thus, a buffer ring of width only tuice its thickness serves Lo
decouple the sample almast completely from the side wall, e¢ven in the
rxtreme case where the buffer material touches the aside wall, With
only radfative interchange between buffer anu side wall, the decoupling

ia even better,
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The same result is obtained if the buffer material transports heat
by radiation rather than conduction. For example, the porous spacers
between the metal foils of the sample form an excellent buffer if
aliowed to extend bevond the edges of the foils by twice the sample
thickness.

b. Interaction of Buffer Zome with Sample

The interaccion of the buffer zone with the sample can be estimated.
For this purpose it is sufficient to consider the situation shown in
Figure 1I-V-1l, in which the sample and buffer are taken to be rectangu-

lar cenducting slabs in contact at x = b and contained between parallel o

plates at temperatures TH and Tc. The end walls are no-flux surfaces.

FIGURE 1I1-V-11 INTERACTION BETWEEN BUFFER AND SAMPLE WITH
NO-FLUX END WALLS
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We can snow that the total hear flux from the Lot to the cold plate
is the same as it would he if the interface between the two solids
were 8isu a no-flux asurface,

The total flux across any horizontal plane, defined by some

fixed value of y, is
Q- j 3T x4 J' Ky 5+ O (11-V-17)

where KB and KS are the theraal conductivities in the vertical direc-
tion for the tuffer and sample, respectively. KB and Ks are, in
general, functions of T. Equation(11-V-17) can now be integrated with

respect to y from one piate to the other, to give

( H H
Q= 828k (mar+ 222 f K_ (T)dT
Tc Te (11-V-13)

Now the two terms on the right-hand side of (11-V-18) are aimply
the fluxes through the sample and buffer, respectively, when a no-flux
barrier is placed between the two solids at x = b, Thus, the rotal
flun, Q, 18 not changed when this barrfer is removed. However, the in-
dividual fluxes Qs and Ql throagh the sample and barrier do change. An
upper limit to the chrnge In flux through the sample is obtained by
assuming that all the flux through the buffer in the case of a no-flux
barrier is tranaferred to the sample when the barvier is removed,

Thus, from (11-v-18), the maximum fractional error in sample {lux {na
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Ty
(b - a) K dT
AQ Tér B

Tu

(c - b) _" st'r
Tc

(b - a) “1'<'B

= 11-v-19

where'iB and ES are the average conductivities of buffer and sample
in the y-direction over the temperature range Tc to TH.
Since, as stated earlier, 2d, the width (b ~ a) of the buffer

zone-can be equaced to 2d. Also (c - b) can be taken as the radius, r,

of the sample.

2d K
A B
é‘ 2 = (11-v-20)
S lt‘KS

Equation (11-V-20) gives an estimate of the maximum errov in flux
measurement. 1In practice the error can be made very much smaller by
choosing a buffer material that gives the same vertical temperatuve dia-
teibution &8 in the sample. Por example, if the sample transports heat
mainly by radiation, as in the case of multilayer insulation, the buffer
ahould be chosen to do likewise,

Equation (11-V-20) indicates that the error is minimized {f the
sawple is very thin compared with its diameter and if the conductivity
of the buffer is as small as possible compared with that of the sampie,

We have, therefore, prepared our test samples with the spacer
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diameter always larger than the shield diameter whenever this was

feasible. 1In this manner, we also prevented accidental thermal shorts

P
P ]

between adjacent metal radiation shields.
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Vi. EXPERIMENTAL RESULTS

)

During this program, three double-guarded cold plate apparatus
were used to measure the thermal conductivity of various thermal. insu-
lators at 1iquid hydrogen and 1iquid ritrogen temperatures., Two units,
No. 1 and No., 2, are located at the Lewis Reseaich Center in Cleveland,
and .unit No, 3 18 located at the Arthur D, Little laboratory in Cambridge.
Uni¢s 1 and 2 have been in operation since November 1961 and August 1962,
respectively, while the unit in Cambridge has been operating since Sep-

tember 1962. The paragraphs helow describe the data_that have been ob-

taired on the varfables affecting thermal conductivity, ‘i
A. Density .
The density to which a multlilayer insulation system is packed has a :!

definite effect on the solid conduction contribution to thermal conduc- k
tivity, Figure II-VI-1 shows that the radiation contributicn of heat
transport across the insulation decreases with increat ‘ng number of layers .{
per unit thickness while the soiid contribution increases at a greater
rate. Therefore, i1t is possible to find .n optimum number of radiatfon
shields per unit thickness and, hence, density for a specific material
combination.
Figure 11-VI-2 shovs experimentrlly obtained data on the effect of
denaity on thermal conductivity for four multila er inculation systems.
Deta for insulatious at less than the optimum number of shields indicates
an inefficlent ude of available space. When a sample is installed in the
tert apparatus, its oproum Jensity 1is first deterwmlined, and the investi-

gation of other variables ia ther carried nut at that density, Frem
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FIGURE 11-VI-| THE CONTRIBUTTON OF SOLID CONDUCTION AND
RADIANT HEAT TRANSFER TO THIY THERNMAL
CONDUCTIVITY OF MULTTILAYER INSULATIONS

Source: L1, -], Wang, “"Multiple Laver Insulations'ysn Acrodynamically

Heated Strqcl}lrjis:". P.E Glase~, od,. Prentice-Hatl, Ine..

1962, p. 45.
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- LEGEND: :
- o Sample No. 1010--(20) Crinkled aluminized polyester film -
5 (T. = -320°F) (System C) -
- g Sample No. 2027--(10) Smooth aluminum radiation shields & (11) 1

spacers, each consisting of 3 layers of fiberglass cloth (Company J) |
0.004 in. thick (System K) (T, = -423°F) (Sample supplied by
Company I).

@ Sample No. 2026--(10) Smeoth aluminum radiation shields & (11)
L spacers of fiberglass mat (Company H) 0.014 in. thick (T_ = -425°F),
(Sample supplied by Company I) (System J)

o Sample No. 2013--(10) Aluminum radiation shields 0.001 in.
L thick & (10) glass fiber paper spacers 0.003 in. thick -
(T, = -423°F) (Sample supplied by Company G) (Sample 1)

A  Source D.1.-], Wang "Multiple Layer Insulations™
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FiJURE I'-V1-2 EFFECT OF DENSITY ON THERMAL CONDUCTIVITY
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three to five data points are generally required to determine the opti-
mum density of a sample of a multilayer insulation system,

From the design standpoint, the comparison parameters Kp and /¥p
(weight ponaley for vented tank) con be uvsed to determine the insulating
effectiveness of a multilayer insulatici. If weight calculations are to
be realistic, however, they must take into comsideration various means of

attachmert of the insulatfon, outer heat shieids, and insulations around

penetraticns,

B. Mechanical Load

The effect of mechanical load on the density and thereby on the heat
flux thrcugh a sample of a multilayer fnsulstion is of considerable prac-
tical significance. An iucrease in mechanical load will cause the radia-
tion shields and spacers i« be cempressed into a thinner sandwich of
bigher densiiy. A cubsequent decrease in mechanicai load will allow the
radiation shield and spacers to coturr to their ocviginal density, pro-
vided that .o permanent deformation has taken place.

We examined the capability of several insulation syastems to with-
stand compressive mechanical loading. The procedure follouad in most of
these tests was: (a) find the optimum density cf the sample, and (b)
apply a tydraulically contcolled force to the movable warm plate to pro-
duce compressive ioadings up to 15 psi on the sample. The point of opti-
mum dengity was taken as zero losding, under the assumption that only
slight or no compression of “he insulatfon occurs at that density. To
minimize the {nfluence of friction losses between the moving parts of
the w: rm plate support, the warm plate was returned to the zero load

position after each point and before the new force desired was applied,
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The results of these teats, which appear {r Figure IT-VI-3, illustirate
the following:

1. As the mechanical load increases, the solid conduction coatribu-
tion to heat transfer becomes dominant.

2, The differences in thermal conductivity at zern load are the :f
result of differences in the spacer materials. Spacers consisting of
oriented fibers have a high contact resistance, which impedes solid con- ‘
duciicn. With no external load on the insulation, the closeness of the
packing of these ribers (and hence the contact resistance) depends upon
the previous history, such as numter of lnad applications, method of f{
manufacture, and storage conditions.

Crinkled polyestar film is subject to a more rapid increase in heat

flux under compressive loading than other multilayer insulstions. The

-
—— 1

thin film has little mechanical strength, and sulid conduction increases
rapidly n8 the crinkles flatten., The thermal coniuctivi.ies of mwulti-
layer insvlations with fibex spacers exhibii similar thermal conductivi-
ties for loada exceeding 3 pe! under identical temperature boundary zon-
diticus,

3. Once the heat flux has completed its tnitial sharp rise, 1t
varies as the two-thirds power of the mechanical luad. This relationship
corresponds to the deformation of a sphere resting on a plane aud appears
to approximate the deformation of the contact areas between the spacers
and the radiation sliields. The trend of the effects of mechaniecal load
on thermal conductivity indicates that the insilating effectiveness of
most multilayer insuiations is greatly reduced when compressive loads

are applied,

-
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tion systems on the parameter Kp (product of thermal conductivity and

density). Because a considerable choice exists in the thickness of
radiation shields and spacers, the insulation density can be adjusted to
meet a particular set of conditions. The selection of a combination of
materials may be 'nfluenced by specific design requirements, including
the effects of lateral.heat conduction through the radiation shield,
gstructural integrity, high-temperature stability, and production.con-
siderations.

The density of the crinkled polyester film is strongly dependent on
repeated mechanical load application. Table IT-V1-~1 presents the results
of compression on a sample consisting of 20 shields and indicates the
pernanent deformation obtained by repeated compressicns, which cause a
flattening of the crinkles. The density of the sample was calcul.ted
from the thickness, which was measured during the test in a fixture con-
si:ructed for this_purpose.

C. Temperature

Tests were parformed to determine the effect of warm and cold
boundary temperature varfation on the thermal conductivity of several
multilayer insulation systems., The cold side was maintained at eithex
-423°F (liquid hyarogen)}, -320°F (liquid nicrogen), or -22% (1iquid
Freon 12), and the temperature was taker 4s the normal boiling tempera-
ture of these fluids at atmospheric pressure, The warm boundary tempera-
ture was measured by thermocouples embedded in the warwm plate dnd was
maintained at desircd levels by circulating liquid nitrogen at various

rates (-209 to -3C0°F), alcohol precocled by carbon dicxide (-99°F),
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syetems.

[

plate of the apparatus,

TABLE II-VI-1

EFFECT OF COMPRESSION ON POLYESTER FILM

Thickness Density

Compressive Sample
wuad i
(1b/1n.%) (1n.)
A. 0.00025-inch Crinkled 0.000 1,000
Polyester Film,

Uncompressed 0.006 a.500
0.018 0.310

0.054 0.180

0.117 0.125

B. Repeat Tests 0.017 G.142
0.054 0.080

0.164 0.055

0.185 0.044

C. Repeat Tests 0.018 0.059
0.054 0.051

0.164 0.047

D. Repeat Tests 0,185 0.042

(1b/£6%)

0.44
0.87
1.39
2.31
3.46

3.05
5.42
7.90
9.87

7.36
8.50

9.22

1C.31

Table 11-V1-2 and Figures II-VI-$, -6, and ~7 show the affect of

temperature on the thermal conductivity of three muitilaysr insulation

Table I1-VI-2 presents data for various innulations which were
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\1liquid hydrogen). The heat rlux through these 1nsuiaclon bamp)es wWas

LHE

approximately the same (within reasondble experimental error} for both

=
iy

temperature leveis. Figure II-VI-5 stcws the results of tests in which
both the warm and coid boundary temperatures were varled. The data
indicate that the heat flux 48 primarily a function of the fourth power

of the warm plate temperature; over the range considereu, the f{lux is

B IR,

independent of cold boundary temperature, even for Tcold as high as -22°F.

Thie—result is in accord with theoretical predictiors. Figures IL-VI-0

and -7 show that the dependence of thermal conductivity on the warm
boundary temperature follows an approximate third power relationship, as
had been predicted by analysis, which assumed that changes in solid and

gaseous conduction could be neglected.
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| sample No. 1035 f ‘
System A
& 0.3 AN -
& \V Sample No, 2013
;'c':' , —~—— System J N
g 4239k /4 Least squarrs fit
< cold / Q/A= aT4+bT
3 0.2 |— 4
= / LEGEND:
a Sample No, 2013 - System ]
- (1C} 0.001 inch Aluminum
(10) 0.003 inch Glass-Fiber
0.1 Paper
Sample No. 1035
(1G; 9.002 inck Tempered
- Aluminum
(11) 1/8 x 1/8 inch Netting
0 - ] HE | ]
-450 -250 -350 +150 +250
Warm Boundary Temperature
Sample No. 1035 //
System A
B 0.00020 Y .1 .
£ 7
oN
& 0.00015 A ~
% & Sample No. 2013
I et System |
:.é* £ 0.00010 L —T
=
i 8
F ™ 0.00005
Lj.r 1 [ L { i
-45 -250 -30 1150 +250

Warm Boundary Temperature (F)

_ T L S ——
FIGURE 11-VI-? EFFECT OF WARM BOUNDARY
TEMPERATURE ON HEAT FLUX
AND THERMAL CONDUCTIVITY
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D. Residual Gas Pressure

Tlie effect of helium gas pressure on thermal conductivity wae test-d

on samples of two multilayer insulation Ayc-<ems, (Systems A ard i of

Table IT-1IV-1). ‘The test procedure consisted of pumping the sawmple chamber

to a high vacvum and then bleeding in helium gas to obtain the desired -
pressure, which +as held constant for each test, The series of pressures
examined cover the range 10-6 to 750 torr.

The experimental results of these tests are given in Figure II-VI-8,
The thermal conductivity increases rapidly between pressures of about
5 x 10‘4 and 5 torr; it is in this pressure range that the mean free path
of the gas molecules approaches the distance between individual particles
of the insulation system,

The practical significance of these vesults i3 that multilayer
in.ulations reach a lower thermal conductivity than opacified evacuated
powders only at pressures less than about 10'4 torr, Figure I1-VI-9
compares the thermal conductivity of a multilayer insulation with that
of powder and fiber insulations as a function of gas pressure,

The dependence of thermal conductivity on residual gas conductior
indicates that every effort must be made to obtain a low pressure within
the multilayer insulation, If the low pressure existing in space i8 to
be relied upen to assist in evacuating the insulacion, steps must be
taken so thet the outgassing rate from the insulation surfaces, as well
as gas diffusion from the tank due to very small leaks, can be accommo-

dated,
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LEGEND:
Sample No. 1043
(10) 0.001 in. Aluminum
i (10) 0.003 in. Glass Fiber Paper

Sqmple o, 3105

(.001 T— (10) 0.002 in. Tempered Aluminum
p—r =+ \ -~ (1) 1/8 x 1/8 in. Netting
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Helium Gas Pressure (torr)
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FIGURE 11-VI-8 EFFECT OF HELIUM GAS PRESSURE: ON THERMAL
CONDUCTIVITY
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Fiberglas Cryogenic Insulat.tun( 2

L 4 lh/.f:s. T, = 85°F, 'I‘2 = -315°F

10 = \ Perliﬁte(g)

- 61b /ft", T] = B8°F, T2 =
B -320°F

. ‘ (10" thickness)

H

2

Thermal Conductivity Btu-in/hr-ft -F

b i
=
Pt

l

.008 :
006 Santocel and Copper Flakes

CS-5, 1t b /fta. 'l"l = 70°F, T2 = -320°R

Lathsealy .

b

004 I~

.002

{

001
L0008

0006 - P Aluminum Foil and Fiberglas Spacer(

' _ 3 = 700 = -7900
1 0004 - Si-62, 5.5 1L /ft . Tl_ 70°F, T, = -320°F
i

3)

2

.0001 ! - | ' ! i | - J
1074 10 1072 1071 | 10 10 10

Pressure (torr)

I FIGURE Ii-VI-9 THE DEPENDENCE OF THERMAL CONDUCTIVITY ON GAS
PRESSUPE OF TYPICAL POWDERS, FIBERS, AND MULTI-
l LAYER INSUL ATIONS
Sources: (1) R,M. Christiansen, M. Hollingsworth, Jr., and H.N. Marsh, Jr.,
"Low Temperature Insulating Systems, " Adv. in Cryogenic Engin-
' ' eering, K.D. Timmerhaus (ed.), Vol. 5, Plenum Press, Inc.,
New York (1960), p. 171.
(2) D.B. Chelton and D,.B. Mann, Cryogenic Data Book.
i (3) M.A, Dubs and L.1. Dana, "Superinsulation for the Large Scale

Storage and Transport of Liquefied Gases, " Bull. Inst, Int. du
Froid, Annexe 1961-5, Paris, p. 75.
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E. Perforations - |

The effect on thermal conductivity caused by perforating the radia-
tion shields was tested on samples of two multflayer insulations. In o
ttese samples the radiation shields had uniform patterrs of perforatione
of 1/16-, 1/8-, and 1/4-inch diameter and an amount of open area as high
as 12.6%. Smaller perforations, although desired, could not be made
readily. The shields were oriented so that the holes in each shield did
not align with the holes in adjacent shields.

The results of these tests appear in Figures II-VI-11) and -11. The
data show that: (1) heat flux through the insulation increases directly
with the amount of open area in the radiation shields for perforations of
a given diameter, (2) heat flux decreases as rhe diameter of perforations
increases for a given amount of open area.

The experimental results may be compared with rhe two extreme theo-
retical values given by the formulas for very swmall and very large perfo-
rations, For large perforations wh'ch do not overlap, the {lux is

USTs"EiLl__ﬁ
i (11-V1i-1)

q-= p) .
- - o m———Y A
n (e D (.l + 27

When ¢ is small, this can be approximated by
q = qO(l +27) (L1-VI-2)

where qo 1s the flux {n the absence of perforations. This curwve is

plotted as the lower theoretical line in Figure 11-VI-10.
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10 Radiation Shields of H-19 Tempered
Aluminum and 11 Spacers of Vinyl-Coated
Glass Fiber Screen 1/8 x 1/8 Mesh.
Radiation Shields Perforated to 2.46% Open
Area, Samples 3016, 3018, 3025

q
(System A)
= -320°F
Tcold 320°F
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For small perforations, the flux is
o(T - T9)
q : 5 (I1-VI-3)
nlTegr t Y !
When € 1s small, this reduces o the approximate form
q=q, (1 +3 T) (1I-VI-4)
0 &

This expression explicitly involves the emissivity € , whereas Equa-
tion II-VI-2 does not., In plotting this curve as the upper t(heoretical

boundary in I'igure II-VI-10, we have assumed that € = .033, o that

9=9q, (L+ADT) (1I-VI-5)

The experimental points are bracketed by these theoretical bounds, T
develop a formula to predict the effects of intermediate~-size perfora-
tions, such as those uied in the experimental program, a substantially
more complicated analysis would b2 required,

These results (wiich include only radiation inleakage) indicate that
the amount of cpen area should be kept small and that the diameter of the
holes gshould be large. However, the purpose of perforating is to enhance
pumping of the gas from within the multilayer {nsulation, and the theo-
retical analysis presented in Part 1I-III-0-1 indicates that pumping ef-
ficiency, relative to radiation inleikage, is much less for large holee
than for smaller holes totaliag the same amount of open area.

F, Discontinuities
Twe series of tests have been perforwed to demonstrate the effect of

discontinuities in multilayer insulation svetems., In one series rectangu~
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lar gaps of varilous widths were cut in samples of multilayer insulations;

PR
B

in the other series, the area of the sample edge was varied as well as
the thermal environment to which the sample edge was exposed. 5{

Rectangular gaps of 6-inch length and variable widths were cut
through all the radiation shields of the sauple except the bottom one,
next to the warw plate. The gap in each radiation shieid was alig: ed
withrthat of adjacent shields and was positioned directly under the
measuring portion of the cold plate. The configuration of the sample is
shown in Figure II-VI-12. Samples of insulation systems A and C were
tested, each with gap widths of 1/16-, 1/8-, and 1/4-inch. ié

The results of these tests (Figure II-VI-13) show that—for both
insulations the heat flux and, hence, thermal conductivity increased in
direct proportion to the width of the gap. 7The insulation sample con-
taining crinkled aluminized polyester film was less affected than the
sample containing aluminum radiation shields,

Samples of 6-1/2 and 9-inch diameter were tested under three types
of edge treatments. The edge treatmerts, as sketched in Figure II~-VI-14,
consisted of (2) a ring of multilayer insulation of the same material as
the sample, (b) a ring of microfiber glass wool, and (¢) no insulating
material beyond the edge of the sample. For treatments (a) and (b}, a
1/16-inch gap was maintalned between the sample and the ring. Addition-
ally, samples of 11, 12, and 12-5/8 inch diameter were tested with no B
insulation beyond their edges. 0

The results of these tests are given in Figure II-Vi-15, which is
a plet of heat flux into the wmeasuring vessel as a function of sample

diameter. The curve applies to tests for edge treatment (c), that is,
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6-1/8 in, diameter of
Measuring Portion of
Cold Plate

12 in. diameter
of Sample

t’— Width of Gap

(1/16, 1/8,
1/4 ir.)

JT 6 in. Length of Gap

Cold Plate

MNo Gap in lottom
Radiation Shieid

4~ Warm Platc

FIGURE II-Vi-12 CONFIGURATION OF MULTILAYER SAMPLE TESTED FOR

THE EFFECT F A DISCONTIMNUITY ON THERMAL CON-
DUCTIVITY

Im-123
QArthur 0. Little, Inc.




Heat Flex (Btu/hr—fzz)

10 Radiation Shields of H19
Tempered Aluminuin and 11 "

Viuyl-Coated Glass Fiber
Screens (System A)
'this point represents an ‘,w;
average of previously e
obtained data. -
“‘
el \
-
PPy 4 20 Radiation Shields of Alu-
ML minized Polyester Film,
Crinkled (System C)
Tc01 4= ~432°F
=H. °
Twarm 63+ LU°F
e A
0 1/16 1/8 3/16 1,4

Gap Width (inches).

FIGURF II-VI-13 EFFECT OF DISCONTINUITY ON THERMAL
CONDUCTIVITY OF A MULTILAYER INSU-

LATION
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FIGURE II-VI- 14

10 Radiation Shields of
—j |- 1/16 Multilayer Insulation

Microfiber Glass Wool

10 Radiation Shields of
Multilayer Insulation
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SKETCH OF EDGE TREATMENTS FOR SAMPLES USED
IN DISCONTINUITY TESTS
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Heat Flux (Btu/hl"ftz)

Sample
(10

S— (i1

LEGEND:

A Microftber glass wool at sample edge

(System A):

) 0.002-in. tempered aluminum
} 1/8x 1/8-in. glass fiber screen
O Insulation same as sample at sample edge

O No insulation material at sample edge
A

=

o
[,
(]

FIGURE II-VI-15

3 4 5 6 7 8 9 10 il 12 13

Diameter of Sample (inches)

EFFECT OF DISCONTINUITIES IN THE RADIATION SHIELDS
OF MULTILAYER INSULATION
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with no insulating material beycnd the sample edge. Data points are
plotted for the remaining tests, but no curve has been drawn connecting
them, The decreasing heat flux with increasing sample diameter shown in
the figure for sample diameters up to 9 inches is as expected, because
more of the guard ring is being utilized with increasing diameter. The
apparent minimum point and subsequent increase in heat flux as the sample
diameter exceeds 9 inches appzars to be due to the complex interaction

of the sample edges with radiation emanating from surfaces at different

temperatures.

G. Emissivity

The effect of emissivity on the thermal conduetivity of a mulei- .. .
layer sample can be illustrated by tests made on an assembly of alumi-
nized polyester £ilm (System C). In one sample the thermal conductivity
was (.001 Btu-in/hr-ftz-F. After a sample was made up from a new ship-
ment from the supplier, a thermal conductivity of 0,0004 Btu-in/hr-ftz-F
was measured. It was subsequentiy we learned that the aluminized coat-
ing in the earlier sample was aear the borderline of acceptable quality
(2lzctrical resistance of 7 ohmafcmz){

In another test, aluminum foils in a sample were replaced by foils
Just received from the supplier. An 80 decrease in thermal conductivity
was obtained, indicating that cither oxidation or a different treatment
of the foil had resulted in a reduced emissivity and thereby a lower
thermal conductivity, Since the contribution of radiation heat transfer
is proportional to the emissivity, stringent quality control 1is required

to assure that reproducible emissivities are obtained.
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It i3 possible that the placing of radiation shields very close to
each other may cause a8 substantial increase in the radiation heat trans-
fer rate through the phenomenon of constructive interference, as the
wave smitted by a4 foil {8 reflected back and forth in the small gap be-
tween two foills, This can be of importance in the transmission of
energy across the gap when the spacing i{s very small compared toc the

wavelength of the radiaticn, which may be the case at cryogenic tempera-
tures.

H. Centact Reaigtanqs

Tabie II-VI-3 shows the results of tcs.s of the influence of con-
tacy resietance between a gurface and a foam sample. When the space
zreund the sample was evacuated, the contact resistance . tween the
sample and the surface increased to the extent tha: the heat flux de-
creased by a factor of four, Stnce the foam sample had approx mately
a 9% closed cell structu:n, the conductivity of the uwulk of the foan
appeared to be unaffected by the evacuation of the gaer on the outside.
Thus, the increase in the resistance was apparently due tv a removal
of gas from broken ceils near the surface. A simi.ar ircrease in con-
tact resistance was observed on a second sample of foam when a thin

evacuated gap was formed between the cold plate and the sample.
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TABLE 11-VI-3

THE INFLUENCE OF CONTACT RESISTANCE BETWEEN PLATES AND SAMPLE

ON THERMAL CONDUCTIVITY

Pressure
in
Specimen

Thermal

Heat Flux Conductivity
{ Btu - in. ) Density

Chamber ( Bty 2)

Thick=-

ness

3
(torz) 'nr 1”£g_n‘hr -l . F'(lb/ft:l (in.) Test #

Polyurethane
Foam
System S 760% 224 0.141

Polyurathane
Foam

Syetem S 1077

63.8 0.040

Polyurethane
Foam -5
System S 10 “*% 23.3 0.0176

Glass Fiber Re-
inforced Foam

System T 107°

41.2 0.0808

Glass F¥iber Re-
inforced Foam

System T 10" "9k 22,6 0.0458

*Nitrogen
*¥*Evacuated gap
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3.85

3.85

5.85

5.0

5.0

0.246

0.246

0.280

0.758

0.782
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1. Foam-Filled Honeycomb Insulation

Tests were carried out on samples of three insulation systems that
were submitted to NASA by Company L. The insulation samples are identi-
fied in Table II-IV-1 as Systems N, O, and Q and dascribed therein pevx
Company L letters 63MA1429 and 63MA7233,

The test conditions desired for the samples of Systews N and O are

as foliows:

Tt is desired that the cold side (the aluminum side on the foam-
?: filled samples) be at boiling liquid hydrogen temperature (-423°F) for

all measurements. Other desired conditions are: )

; Test System Hot Side Temp. (OE) Atmosphere in Sample
; 1 N 92 air (sealed) X
2 N 32 Alr (sealed)
3 N =92 Air (leakage of air)
4 N 32 Afir (leakage of air)
5 h| -92 Helium purge, 2 psia - 5 cc/min ':
6 N 32 Helium purge,.2 psfa -~ 5 ce/min |
7 0 -92 Air (sealed)
8 0 32 - Alr (sealed)
9 0 ~100 Helfum (1 atm) ,
10 0 =320 Helium (1 atm) v;
The conditions for the helium atmosphere tests will require evacuation »

of the samples for twelve (12) hours and subsequent purging with helium.

Table I1-VI-4 shows the test results obtained on the samples of ?
Systems N ard 0. In these tests, the desired conditions cc¢uld not be |
obtained because the sample edges were not adequately sealed, and prrge
gas could leak out into the low pressure surroundings. 1In addition, gas

purge flow at the specified Sce/hr would stop as the sample cooled to
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the liquid nitrogen boiling point. This may have been the result of a
failure that occurred while setting up the test, At that time, ofl

backed up from the low-gss-flow measuring graduate into the exhaust side

Phiiih ML L UL |

of the sample. Subsequent tests showed traces of oil near the exhaust

ports which were located in the guard avea of the sample. The o¢il may
have solidified at the purge line exit at the cold temperatures and re-
duced the flow of purge gas through the sample. Good thermal contact
with the cold plate could not be achieved, because the sample was not
perfectly flat,

The test results indicate the controlling effect of helium on thermal A
conductivity at the various temperature differences used for the test,

Table TI-VI-5 shows the test results obtained on the samples of
System Q. 1In the first tests (1045a, d, and e) the sample was purged
with gaseous nitrogen for two to five hours, the tubes attached at the
edges were sealed, and the sample was chilled to ~423F; cryopumping of
the gas than took place at the cold side of the sample. The tubes were
sealed to prevent additional nitrogen gas from entering the sample as
the pressure of the contained gas decreased. The heat flux through the
sample under these conditions was measurcd a® three warw plate tempera-
tures: =97, +37, and 497,

In 2 second test on the sample of System Q, nitrogen ga# was intro-
duced into the sample for two hours before cooling, and the tubes leading
into the sample were not closed off during the test, Nitrogen gas was
continuougiy metered into the sample at a pressure of 1/2psig during the
test. The results of three (rials under these test conditions were

¢rratic, fndicat.ng a high degree of thermal instability in the sample,

I1-132
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and are not includéd in the table.

In a third test of System Q (test No. 1046) argon instead of nitro-
gen was used as the purge gas. Six trials were conducted, three each on !
two successive days, The duration of each tria)l was approximately one
hour, The apparatus'was refilled with liqufd hydrogen immediately after
each trial and then warmed up to approximately -100F during the inter-
vening night.

Approximately two cubic feet of argon flowed Iinto the sample during
both days.. Because the sample leaked at the edges, the amount of gase

actually introduced into the sample could not be measured. The results jj

of this test are givea in “igure II-VI-16. The sample appeared to be
o approaching thermal equilibrium when the tests were terminated. The

;fi lower heat flux through the sample on the beginning of the second day

v compared to that at the end of the first day may be due to the fict that
e the apparatus was relatively cold at the beginning of the day, so that
the sample reached thermal equilibrium in a shorter time.

Because the sampie was leaking badly, it was removed from the ap-
paratus. Subsequent examination showed that the laminate coveriung the
cold face of the sample had become completely separated from the honey-
cowb and foam insulation. This separation presumably cccurred as the B
sample warmed up after the second day of testing and the pressure increase
associated with the phase change from liquid to gas inside the sample
became excessive.

- The test resulte iridicate the dominating effect cof the purge gas
or the thermel conductivity and particularly the substartial increase j

obtained when the sample is allowed to cryopump. If it could be arranged

1I-134
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to have the imsulation cryopumped during the time maximum insulating
effectiveness 18 required, it would appear that a good thermal protec-
tion system would result.

Considerable difficulty was experienced with the present method of
edge-sealing and connection of purge lines at the sample edges. In
future samples it would be advantageous to arrange the purge line as

shown in Figure II-VI-17.
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J. Polyurethane Foam Insulation

Thermal conductivity measurements were made on a4 polyurethane foam
insulation system, (See R, Table IL1-1IV-1.)

The heat flux through this finsulation was measured using several
arrangements of the laminate at the sample edge, at different compressive
loads, and with different thermal resistances interposed at the :o0ld side
of the sample. The condition of the sampl~ for each test was as follows:

Sample Nuaber 2021: The edges of the sample were sezaled with a

laminate of Mylar, aluminum and Mylar (see configuration "«" in Figure

II1-V1I-18) and the sample was subjected to compressive loads of 15 and
2 psi, raspectively,

Sample Number 2021-1: The seal at the edges of the sampl. was

removed 50 that the polyurethane foam was directly exposed to the low
pressure (see configuration 'b" in Figure 1I-VI-18). The sample was
subjected to a compressive load of 15 psi.

Sample Number 2023: The edges of the sample were sealed with a

0.002 inch thick Mylar strip (see configuration "a" in Figure II-VI-18).
The sample was subjected to 2, 15, and 2 psi compregsive loads.

Sample Number 2022: The edges of the sample were sealed with a 0.002

inch thick Mylar strip. A glass fiber screen, 1/10 x 1/10 inch mesh

and 0,003 inch thick was placed between the sample and the cold plate

of the test apparatus to provide thermal resjistance. (3ee configuration
“e" in Figure 11-Vi~18.)

Sample Number ?024: The edg:s of the sample were sealed with a

0.002 inch thick Mylar strip. A glass fiber screen, 1/8 x 1/8 inch mesh

17-138
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and 0.020 inch thick was placed between the sample and the cold plate of

BT A

the test apparatus to provide thermal resistance. (See configuration

1

¢ in Figure 1I1-V1I-18.) The sample was subjected to 2 and 15 psi com-

% pressive loads, Tests were also run with gaps of appiroximately 0.04
5'7 and 0.01 inch thickness between the sample and the cold plate.
R The results of these tests appear in Table 11-VI-6 and indicate the
following:

1. "here was little, if any, differeace in edge hecat leakage between
ﬁ? the Mylar edge seal (2023} and the Mylar-aluminum-Myla: laminate (2021).
B 2. Opening of the sealed edges of the insulation sample (2021-I) to
the evacuated surroundings had little effect on the thermal cenductivity
because of the low gas diffusion rate of closec-¢211 foams. The amount
of gas contained in the sealed and unsealed samples was probably of the

same order of magnitude.

}‘ tmall effect on the thermal conductivity, because this insulation possesses

good strengtii and resists change in density.

iid
R - - ! P e prarord - .-
- ab it S s SR TR M, 05 o Sk S . 1 e . menens, ittt it

;_.__1
E.
.
:
;E
<
1
E
E B 3. Mechanically loading the insulation samples to 15 psi had a very
-4
E
]
E ok 4. Introducing a spacer between the sample and the cold plate
E (2022, 2024) decreased the thermal conductivicy of the system by in- E
g creasing the contract resistancz at that boundary.

K An evacuated ¢.04-inch gap hetween the insulatioun sample and the

]

LY

cold plate decreased th: thermal couductiviiy of the system by eliminat-

P

) ing solid conduction completely at that boundary., The smaller gap (0.01)
was also effective, but apparently there was some solid conduction through

irregularities 1. the spacer.

e LT
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K. Microfiber Glass Wool

Tests were performed on a two-inch-thick microfiber glass wool in-

s GED 25y B

sulation (sample U, Table I1-1IV-1). The purpose of this test was to

™

e Fotuyme

determine the following:

1. The effectiveness of a Mylar disc seal at low temperature

(see Figure II-VI-19).

"

2. A comparison of the observed thermal ceonductivities with those

R =g

. reported in the literature.

3. The temperature of the Myler disc and temperatures within the

et

sanple at distances of 1/2 inech #nd 1 inch from the cold plate.
When we assembled the apparatus the Mylar disc appeared to be
leaking slightly (detectable only with helium leak dete~tor). We were

i ahle to keep a pressure of 1,9 x 10-4 torr in the vacuum jacket, while
helium a¢ one atmespherc was in the sample chamber, The leak was found
to be due to hel)ium diffusion ‘hrough the Mylar. When we introduced
} liquid nitrogen into the guard vesmel the pressure rose sharply in the

vacuum jackaet. Examination after completion of the tesmt nhuwed that
; the Myler disc was ripped. Boith thermocouples sttached to the Mylar '

indicated a vemperature 65°F above the boiling puint of liquid nitrogen,

-y

The Mylar diwc was removed and the ¢xperiment repeated. The
;i readings of thermocouples which were placed on top of the sample, 1/2

inch and 1 anch from the cold plate, were recorded. The thermocouple

,
-

on top of the specimen indiceted liquid nitrogen temperature, Figure
11-V1-20 shows the mean apparent thermil corductivity plotted against

the nean temperature, calculated from reading of the thermocouples ;

I1-143
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the points 14 and 04, which denote thermocouple locations, show values
obtained from the two tests with and without the Mylar disc as calcu-
lated for the total temperacure difference. The points scatter within
10% of the best straight line drawn through them. In Table TI-VI-7
our results are compared with those published by Company C and show
very good agreement. The difference in pressure during our tests and
those reported by Company C should not be of particular concern, because
at 11 microns (the pressure used in the Company C experiments) the air
conduction. s already negligible.

TABLE II-VI-7

THERMAL. CONDUCTIVITY OF GLASS WOCL INSULATION
(SYSTEM 1)

Thermal Temperature - °F
Conductivity Density Warm Cold Pregsure
(Btu-igé ) (lb/ftj) Plate Plate Avg. (10°°mm Hg)
hr~-ft™ =~F
With Mylar Disc 6.0%10™ 2.2 42 =255 =107 20
Without Mylar  5.7x10°> 2.2 41 =320 -140 7
Disc
Interpolated -3
from 6.3x10 2.2 - cmma =122 -
Fig. II-VI-20
Company C 6.1x10™> 4.0 75  -320 -122 11,000
II-146
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L. Edge Effects

&
B
E

Tests were performed to measure the effects on the heat flux
through multilayer insulations caused by changing 1) the edge configura-
tion of the samples and 2) the conditions of the walls to which the

sample edges were exposed.

bl buemt NI  EE e

1. Turned-Up Edges

Figure 11-VI-2la shows the configuration of a sample of multilayer

Toaived

insulation (system C, Table I1-VI-1) as it was installed and tested in

the apparatus. All of the radiation shlelds were turned up and back

over the sample and, consequently, the number of layers of material
contained betwnen the cold and warm plates at that location was doubled.
The heat flux measured for this configuration was 0.62 Btu/hr—ftz.
Another test was performed on a sample of the same insilation (system
C), this time in the configuration shown in Figure II-VI-21b. Only

the lowermost radiation shield was exterded to cover the sample edge.

é_ The heat flux measured in this test was 0.40 Btu/hr—ftz, indicating

that this method of edge shielding is more effective than the previous

method for this insulation system in the thicknees tested (0.74 inch).

EE The high heat flux observed for the first method was apparently the i
i
rasult of compressing the sample at its edges.
i 2. Emissivity of Edge Boundaries
” — |

Tests were perfoimed on samples of two multilayer insulation
systems (A and C, Table 11-IV-1) to determine the effects of changes
in the emissivity of the surfaces at the edge boundaries of the sample

on the heat flux through the system. The temperature of the surface to

i

1

N
!

%
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which the edge of the sample was exposed w.s kept at -320°F while the
emissivity of that surface was changed from bright stainless steel to
black, obtained with an optical llack paint. The results of these tests
are given in Table 11-VI-8.

The sample of system C, which contains aluminized crinkled poly-

ester film, was very sensitive to these boundary emissivity changes

‘when loosely packed (the heat flux differed by a factor of 2.8), but

the sensitivity decreased as the packing becams wmore dense. The sample
of system A, which contains spacers 1/8 inch larger in diameter than
tile radiation shields, was less sensitive to the edge boundary emissivity
changes; the heat flux differed by a factor of only 1.3. The larger
size of the spacers provided & buffer zone 1/16 inch wide, similar to
that described and treated theoretically in Section III.

The difference in the behavior of systems A and C tends to confirm
that the overlapping of spacers provides an effective buffer zone around
the insulation sample.

3. Effect of Edge Wall Temperature Variation

In anothey test of system A insulation, the sample was first tested
at several plate separations until the minimum heat flux was determined.
The side walls were bright stainless steel at -320% during these tests.
When the optimum thicitness waé determined, the test chamber was modified
to present a 41°F black wall to the sample edges. This warm wall was
a copper cylindrical shield which survound:ed the sample end was attached

to the warm plate. The temperature of the copper shield was measured

11-149
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by a thermocouple installed at its upper edge (nearest to the cold

plate). The inside surface of the shield was painted with optical black
paint. When measured at these edge wall temperature extremes, the heat
filux through the sample showed a difference of 6§.3%. Table I11-VI-9

gives the test results. The data indicate that, for the thickness tested,
the effect of stray radiation at the sample edge was small and that the
buffer zone provided an efficient shield.

4, Effects of Plate Separation

Tests were conducted to determine_if the heat.flux between warm
and cold plates changes when the distance between the plates is varied.
With no insulation in the sample chamcer, heat flux measurements were
made at six plate separations between 0,135 and 1.0 inch. The data
did not show any definfite tendency toward increasing or decreasing heat
flux but showed a random scatier of 4 20%. This scatter appears to he
the result of saturation tempercture chauges of the liquid caused by
atmospheric pressure changes. The pressure control device described in
Section 11-V-B-3 was not designed at the time of these tusts, and with-
out that device ervrors of this magnitude were cummonly observed. The
results of the tz28ts appear in Table 1I-VI-10. (Note: The heat flux
measured was nearly one hundred times greater than that normally measured
through a sample of multilayer insvlation.)

5, Etfects of Sample Edge Treatments

Tests were performed on a sample of muiiilayer insulation (system
A, Table 11-IV-~1) to examine the influence of different edge treatments

on the heat flux through the sample,
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Sample Description:

Col¢ Plaite Temperature:

Wwarm Plate Temperature:

Sample Lnhamber Pressu

sample Thickness:

Edge Wall
Temperaiure

([)F)

“ABLE 11-V1-9

EFFFCT OF WALL TEMPERATURE

(10) Tempered Aluminum

]

© ™

(11) 1/8 x 1/8 Mesh Spacers

-320°F
.1°F

<5 x 10‘5 rarY

0.278 inch

Heat, Flux
Bt
( —=3)
hr=ft"

0.32

0.3%

11-132

Wall Emissivity

Brijht stainless steel

Optical black paint
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TABLE II-VI-10

EFFECT OF PLATE SEPARATION ON HEAT FLUX

Test Number:
Date of Test:
Sample:

¥Harm Plate Temperature:

tnied ey WY SEE G Yo

Cold Plate Temperature:

!
R Plate Separation
|
P
0.135
0.200
0.250Q
0.370
0.850
1.000
o
S
3

)

1029
Scotember 1962
None

o

69°F

-320°F

Heat Flux
Bt
(—=3)
hr=-ft’

17.0
16.8

21.1

T1-153

Asthur 2. Wistle, Ine,

i

[ B Y

Tty e P Y ST A S oy TR AT et U B . e A e p—— —— Mw



'}
0

Two strips of 0.00025-inch aluminized polyester film and a stiffen-
ing member of 0.003-inch polyester film were wrapped about the edge
of the sample. The sample was tested first with the polyesier film
edge shield in contact witl. the warm surface only and secondly with
the edge shield in contact with both the warm and the cold wurfaces.
For each condition, the sample was testec at two thicknesses to de-
termine that optimum thickness was achieved. The samples tested con~
tained a buffer zone 1/16-inch thick made of spacers extending beyond
the radiation shields.

The results of these tests, which are given in Table I11-VI-~i1,
indicate that the precise location of the fiim has a cvitical influence h
on the heat flux and that an installation technique using this type
of edge treaiment gives uapredictabl= recultz; alternative edge Lreat-
ments should be used or, preferably, construction with interleaved
radiation shields which circumvent formation of an cdge discontinulty.

Similar tests were performed on anather sample of system A using
the edge treatments shown in Figure 131-vI-22. All of the samples shown
therein containad a 1/16-inch wide buffer zone made by extending the ‘)

spacers beyond the radiation shields, o

|

In Figure I1-V1-22b a bleck plste in wood thewmal conlect with

-

the -320°F guard vessel is placed around the edyee, aud nn aluminized

-

polyesier film is wrapped around the sample,
In Figure [I-VI-22¢ the same sample i8 wrapped with aluminized

polyester film, and a horizontal copper ring is placed betweepr the l
11-154 ‘
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warm plate and the sample chamber enclosure. The copper ring is fas-
tenad to the enclosure (which is 2t a temperature of about -BZOOF) in
such a way that it does not touch the warm plate. The arrangement of
Figare 11-VI-22d is tho same, except that the polyester film wrapping
is removed.

The results of these edge treatments show: 1) that the presence of

2 buffer zone (see Section V-E) tends to reduce edge effects, 2) as in
the previous tests, wrapping of aluminized polyester film gives un-
predictable results, and 3) the horizonial copper ring is useful in
preventing stray radiation from the warm perta of the apparatus from
reaching the sample edgas.

6. Effectiveneuas of Buffe. Zone

The effectiveness of the buffer zone can he demonstrated using re-
sults obtained from tests on the effect of gaps in a multilayer insula-
tlon sample (aee Section VI-F). The theoretical derivation of Lhe )
effect of a yap of unit lenpth on heat flux was desived in Equation

11-111-38. For a slot of finite length, e additional heat input to

a muliflayer insulation can be wrilkien as;

k
AQ = Ado (T - T D (F) (11-V1-6)
0 d

where 1 = length oy the aloc

The tutal hea: $lux passaing through a sample is
Ao(Ty* - T Y)

Q e e —— 4

tuﬂrn‘-T‘)uﬁ)
(: S Im 0 d

U
4
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e where A = area of central guarded area
€ = emissivity of the foils
n = number of foils
The first term is the flux passing through & sample with no slot. .
The factor of 1/4 in the second term allows for the fact that the
fluxd Q, due to the slot, is distributed over the whole i2-inch-diameter

area of the sample, which is four times that of the 6-inch-diameter

-
T -

measuring areia.

‘-: The flux per unit area is ?!

a=q (143D E - Do)

e
it e v

where q, is the flux density whend = 0, i.e., with no slot:
To conmpare this theoretical expression with experimental results,
F we use the heat flux of 0.27 Btu/hr-ft2 for 9 (see Figure 1[-¥I-~13)
| rather than a computed value, to allow for the effect of thermal con-
duction through the spacers, The other constants are:
L = 6 in,
d » 0,35 in, ;

- h = 28 1n.2

. U SPUNIVL WP W N SN My T T e
|

a= 10

"

- ¢ = 0.033 (assumed)
Figure 11-VI-23 shows that the theuretical curve for gq/a versus

the tlot width’” agrees very well with the experimertal data, The

I1-138
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agreament not only confirme the theory of the effect of the slot bu:
also shows that the exposed edge of the 12-inch sample is well enough
buffered to act as a no-flux surface, Otherwise, the factor of 1/4
used in the theory to calculate the fraction of the heat flux, due to
the slot, that enters the 6-inch central guarded area would not be
correct,

7. Conclusions

The tests conducted for the purpose of measuring the effect of
edge condift.ions on the heat flux through multilayer insulations, as
described in the six previous portions of this section, indicate the
following:

a. Shielding the exposed edges of a2 multilayer insulation by
rolling the edges of the radiation shields toward the cold wall
(Figure 11-VI-2la) degraded the insulating effectiveness, possibly
because the system became compressed in that region. Rolling only the
bottom (warm) shield toward the cold wall appeared to produce better
shielding of the edges of a loosely packed sample of insulation
system C.

b. Shilelding the exposed edges of a multilayer insulation by
wrapping the edges with aluminized polyester fiim (Table 1I-V1-ll and
Fipure 11-v1I-22) gave inpredictable results and thereby indicated that
an alternate method of edge treatment should be used.

c. The distance between the warm and cold plates of tbe apparatus

apparently had no effect on the heat flux wetwean the plates.

f£1-160
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d. A horizontal copper ring placed approximately level with the
warm plate (Figure II-VI-22) reduced the amount of stray radiation
that reached the sample edges from the warm parts of the apparatus.

e. When the spacers were extended 1/16 inch beyond the edges of
the radiation shields in samples of system A (Table YI-IV-1), an
effective buffer zone was formed. This reduced the influence of tem~
perature and emissivity variation at the edges of 12~inch diameter
samples on the heat flux through the insulation.

f. The buffer gone formed by the 1/lé-inch-wide ring of spacer

material at the edge of the samples acted as a no-flux surface for
,; ; the thickness tested. This conclusion is indicated by the agreement
- between experimental data and theoretical predicticns for tests of
slotted samples of such insulation systems.

M. Spacer Material with 11% Support Area

Thermal conductivity measurements were made on two insulation

LI

systems which consisted of spacers arranged so as to produce only 11%

Ll STPRCTONEL T PR T i - o
. ‘ FEP TS RN P

C ot

support area. The samples (syst:ms L and M, Table 1I-1v-1) contained

a1
JRUPSNS P,

slotted spacers of the configuration shown in Figure 11-VI-24, Each
‘< spacer was arranged so that its slots were displaced 90 degrees from
those of its neighboring spacer; this formed a pattern of i/2-inch-

square areas of continuous contacts across the insulation systens

) "
oA

B S
J—

corresponding to 114 of the total sample area,

P
—

Several measurements were made in an attempt to determine the

optimum density of thece samples; however, the point was not found for

I1-161
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either ssmple, possibly because of distortion of the spacers or because
of radiation losses at the large area of exposure at the sample edge
to the cold side wall of the test chamber.

These samples were also tested under compressive loads of up to
8 psi. Their thermal conductivity apriars to be less sensitive te
loading than any of the other imsulatioun system that we have tested.
The data obtained from these tests is given in Table 11-vI-12.

N. Comparison of Two Raciation Shield Materials

Samples of two multilayer insulation systems were tested to de-
termine the effect of emissivity of the radiation shirzlds on thermal
conductivity. The number of cvadiation shields aud spacers was the
same for both samples. The shield miterial was in one case polyester
fila, aluminized on one side (system C, Table 11~7V-1) and in the
other aluminum foil (system A). The spacers in both cases were vinyl-
coated fiberglass mesh. The heat flux through the sample containing
aluminized polyester film was approximatcly 2.5 times greater than
that through the sample con.aiaing aluminum foll. This diffecrence way
be due to the fact that the polyest-v film is bright on one side only
snd has greater solid conduction at the spacer contacl areas. The
results of these tests appear in Table II-VI-13.

Q. Combinution of Multilayer and Foam

A sample consisting of 3/4-inch thick fiberylass-reinforced poly-
urethaue foam and a mulrilaye: insulation (system V in Table 11-1IV-1)

was tested. The foam rested on the multilayer insulation. The heat

I1-162
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flux through this insulation system was twice that previously measured
for the multijayer fnsulation alone. The test was repeated, this rime
with the foam suspeaided from the cold plate so as to prevent compression
of the mulrilayer. The rasulting heat flux, althougn less than in the
first test, was still higher than for the multilayer insulation alone.
This behavior may have been caused by outgassing of the foam or increased
edge effects or the composite system caused by the position of the
multilayer insulaiion,

P. Peretracions

Tests were performed to measure the effects of penetrations in a
multilayer insulation on thermal conductivity, The sample tested was
system A (Table I1-IV-1)., A hole was punched in the cuonter of each
radiation shie¢ld and 2 pin whose diameter was fthin + 0,003 (nch of
the hole size was inscrted through the holcs, The p!'n was threaded
80 that 1t could be sciewed inio a mating hole in the center of the
cold plate. The pin was not in contact with the waim plate byt was
exposed to radiation from the warm plate, A diagram of the arlangement
of the sample and pin is shown In Figure 11-VI-25. Three pins were
tested--1/16 and 1/8-inch diameter made of 300 series stainlesx strel,
and 1/8-tnch diameter made of nylon. The results of these tests apped,
In Table 11-Vi-14, The = nplc tnickness shown in that table .s the
opusmum thickness found for each sample, ‘1here is a greatsry than normal
variation in this thickness between each bample, which may have been
caused by ingerting the pins and pushing the radiation shields together,
This test aeries 15 still in progress and no ~onclusions can be reached

alL this time, |
11-166
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VII. ABSTRACTS OF PFREVIOUSLY ISSUED REPORTS

The major portion of our analytical studles on thermal protection
dystems were accomplished in the carly phases of the prcgram and are

reported as abstrdcts as well as reviewed herein.

ADL Seport #63270-04-01 ASTIA ¥o. .D 2.6-894

Date: April 196l 0TS §1.10

Tirle: Gas Corduction Problem with Multilayered Radiation 3hields
Author: A, G, Emalie

Abastract:

On a long mission in space, a cryogenic fuel tank may require radiae-
tion shielding conslsting of 100 sheets of low-emissivity metal fotl {f
heat is transferred through the rhielding only by radiation. [t gas
conduct’on also occurs, more foile will be needed for ithe same rute of
fuel holl-oif, For a gas pressure of 1.4 x 10-" wm Hg, 200 foils are
required, Consequently, an adequate sealed-Lff, pvacusted shield {s
dAifficult to construct. 1If ou:gaseing of the folls and gas diffusion
from the fuel tank e appraciable, 1t {a aino diffifcult to srrange the
geomutry of the shielda to use the external space vacuum f 'r pumping,
In the cas+ of puaping through the edges of a 100-cm wide ,{eld punel,
the outgassing rate should not exceed about 109 mulecul en l!c-l from each
rnz of foil aurface, 1f the pumber of foils is to remain about 100, The
aliowable ontgassing rate for broadeide pumping of optimally prrforated
Fotla ta arovnd 10'® molecuies sec™! cm™®, The allovable diffusion rate
from the fuel tank {i» 1012 wolecules u-c'l cm-z nt tank aui face, A basic

consideration {s that apy geometrical arrangement of the folle that en-

hances pumping of the gas alsc reduces the eftectiveneas of the fofls os

11-169

Acthur B Xittle, Inc.

.uuﬂ*J 4-_@.“-.‘«"
B

H

Hwelll

et i 8

e LW . ke e, x i i, et il ¥ ..



& radiation shield, since radiation can eanter by the same path by which ‘

moleculez leave. As a result, only a 1imited number of layers of foll

{6 useful. Beyond this number, no further improvement in shielding is .
gained,

ADL Report #63127(¢-04-02 ASTIA No. AD 257-4h6

Date: May 1961 OTs $§2.60

Title: Rad!ation Transfer by Closaiy Spaced Shields

Author: A. G, Emslie
Abatract:
The usual formula for radiation transefer through a stack of radia- f e
tion shields breaks down when the apacing of the shields {s lesas than
the wavelength of the peak of the blackbody apectral disty{bution cnrre-
sponding to the temperoture of the shields. Two effects set in at these
close spacinga--wave interference and radiatfon *tunneling. Wave in.er-
ference nf the emitted radiation occura in the narrnw gaps betwevn tlhe
shields and may increase or decrease the energy transfer, depending on
the apacing, Radfation tunneling allows tranafer of radfation that ordi-
narily suffers total internal reflection inside the shield material.
This effect gives an energy tranafer that increases exponentially as the
spacing decreasea, The two effects together give an energy transfer rate

per unit area which becomes, in the limit of zero spacing,

vhere n and k are the rea! and imsgiqary parts of the complex refructive

index, {s the Stefan-Boltzmann constant, and T, and T, are the
2 1
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temperatures on the two sides of a gap.
The formula tmplies that the radiatfon dengity e' and velocity of

propagation ¢' in the shield material are:

o' = n2 2] T“
c
2
¢! = nc —
n
n“ + k°

For moderate values of the sbsorption index k, the flux formula pre-

dicts a tranafer rate between two close shields greater than that between

two black surfaces, |
In the case of metal shields, when the spacing between the two shields

is increased from xero, the radiation transfer rate at firm: rises sharply

to 4 high maximum and then falls below the usual value for widely spaced

shields, The flux returns to the normal level when the apa.ing exceeds

about one half of the wavelength of the blackbody peak.

ADL_Report #03270-04~0) ASTYA No. AD 270-971
Date; Decomber 1961 0TS $6.60
Title: An Analysis of Tharmal Protec:ii{on Systums for Propellant

Storaga Durlng Opace Missicnas
Authors:  Johr Ehranfeld and Peter Strung
Abstract:
Thir report prementa an analytic stuedy ef thermal protection sysiens
fer propellant storage during space minpfons. The effects of various
models for insuletion behavior are investigntad. Approximate methods

for calculating buil-of f and their 1imitations are developed, as well e
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optimum design parameters based on these techniques. A number of gen-
eral practices leading to good design are discussed.

ADL Report #63270-04-04 Office of Scientific and Technical

Information
Date: April 196z NASA
Titlae: Radiative Heat Transfer Through Seams 2nd Penetrations in

Panels of Multilayer Metal-Foil Insulation
Author: A. G, Emslie
Abstract:

The report is a4 theoretical analysis of some aspects of the feasi-
bility of inwulating a atorage tank containing cryogenic fuel by means
of prefabricated panels of multilayer metal-foil {nrulation, in view of
the extra heat leakage into the tank at seams and penetrations. The
difficulty ariases because the very high thermal conductivity in the plane
of the panela preventa overlapping or caulking of the joifnts. Thus,
gaps must he left hetween adjacent penels and around penetrating pipes
and struts, The extra heat fnput due to the gapas 18 calculated, Tn
order that this heat {input be no larger than 104 of the total {nput to
a 10 ¥t x 10 ft cylindrical tank, the gap at the seam would have to be
iesn than 0,02 inch, Since this {s lmpractically amall, we conclude
that smultilayer metal foils cannot be applied to a tank in the form of
prefabricated panels. Other methods, such as filament-winding or layer-
by-layer application of the foll, must be used fnstead,

The calculated effert of a penetration is not so serious For

example, a ventiog tube of diameter 1 inch causes a 5% increase in radia-

tive heat input to the 10 ft x 10 ft tank,
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ADL Report #63270-11-011 Office of Scientific and Technical
I Information

Date: May 1962 NASA
-ﬁ Title: Estimation of Weight Penalties Associated with Alternate
¥ ]

Methods for Storing Cryogenic Propellants in Space
Author: Arthur A. Fowle
Abstract:

This report presents an evaluation and a comparison of the weight
penaltifes agsociated with alternate methods for preserving cryogenic
propellants atured in space. Storage in a vented vessel, storage in a
nonvented vesael, and the use of close-cycle refrigerators are considered.
Approsimate methods are presented whereby the stcrage system giving the
least weight penalty can be identified for any miseion in which the stoved
amcunt and stay time in space is specified. Illuatrative examples in-

volving the space storage of liquid hydrogen are carried out,

ADL Report #63270-11-02 Office of Scientific and Technical
Information

Date: May 1962 NASA

Title: Conceptua( Design Study of Space-Borne Liquid Hydrogen Re-

condensers (or 10 and 100 ‘Watts Capacity
Author: Raymond W, Moure, Jr.
Abstract:
L Conceptual designs of refr.gerators for recondensing hydrozen at
. ZUOK. with cepacities of 10 and 100 wattn, have been evolved tu assess
1‘ the feasibiiity of making such units and to provide a basis for specific
welght eatimates. The designs are b2sed on the use of a halium gas re-

frigeratcr cycle, The heart of both ayatems fs a combired rotary unit
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(CRU) consisting of a compressor, turboexpander, and electric-motor
drive operating at a high shaft rotational speed on gas bearings. The
feasibility of using such a system depends on the successful develop-
ments of the CRU. The designs projected show specific weights of 20.5

and 10.0 pounds/watt at 20°K for the 10-watt and 100-watt units, respec-

tively,
ADL Report #63270-04-05 Office of Scientific and Technical
Information

Date: June 1962 NASA
Title: Techniques for Computing the Thermal Radiation Incident on

Vehicles in Space
Author: Jacques M, Bonneville :
Abstract: |

This report presents techniques for calculating the thermal radia-
tion incident on vehicles in space, The surface of a vehicle is sub-
divided into a finite number of parts of sufficient flatness to ensuie
the accuracy of the ensuing thermal calculation., Then, methods are pre-
sented for coumputing radiation arriving at each vehicle part fiom the
sun, planet, and moon for various vehicle orbits and for various modes
of vehicle orientatfon stabilization. A method is presented to account

tor the shaduwing of one vehicle part by another,

ADL Report #63270-13-01 Office of Sctentific and Technical

Information
Date: Septemher 1962 NASA \
Title: A Guide to the Compatation of Heat Flow fn Insulated Cryogenic

Stovage Vesseluy in the Space FEnvironment

Authovs: .iacques Bonneville and Frank Gabrun
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Abst ‘act:

I A guide for analyzing and cowmputing heat flows {in insulated cryo-

&"‘ CE e Tt

-

4
4

genic storage vessels in the space environment is presented. Means for
caliulating the incident heat fluxes from environmental sources are de-
scribed qualitatively and detalled procedures are included by references,
A finite difference technique for obtaining temperature distributions

and heat fluxes in an insulated system having thermal properties which
eva anisotropic but independent of temperature is given. The results

of machine computations of the temperature diatributions and heat /lows
in model insulated liquid hydrogen siorage vesselns iliustrate the applf-

cation of this technique.

ADL Report #65003-0)-01 Office of Scientific and Technical
Infurmation

Date: April 19¢3 NASA

Title: Deaign of Thermal Protection Systems for Liquid Hydrogen Tanks

Prepared under Contract Number NASS-654, NASw-615

Abstract:

An accgunt of the progress achieved 1a the design, experimental
measurement and anal sais of thermal protectfon symtems for liquid hydro-
gen tanks ia given in this report. The objectives of the work are:

(1) to provide data to guide the design of efficient thermal protecticn
systems for cryogenic fuel tanks for use In extended space missicus with
primar; emphasis placed or multilayer {nsdulations for 1iquid hydrogen
tanks; (2) to establish design parameters adequate to meet production
requirements, prellight check-out, and mission objectives to assure

highest insuiating effectiveness; and (3) fo measure the thermal
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111, THE INSULATED-TANK PROGRAM

I. Summary
gi The performance of multilayer insulation is measured calorimetrically,
T

usually with a flat-plate or cylinder-type calorimeter. We have made
extensive measurements with flat-plate calorimeters (thermal conductivity

apparatus) in this contract for a large variety of variables that are

B L VL TV S A

discussed elsewhere in this report. The applicability of these data for

use in the design of insulation systems for a space-vehiciJ tank may be

e e
Gedr -

configuration~dependent, because of the extent and curvature of the ..

R
L

surfaces to be insulated and because of support and other penetrations

in the insulation. In order to investigate this dependence, a program

™ PP
P2 v - PR

o -'.-“_-..-".J--J -m.-

to apply multilayer insulations to small tanks was initiated. The

objectives of this program are as follows:

1, To develop techniques for mounting and conforming

i A A
e woe '

multilayer insulations to cylindrical and sphericel surface segments.

2, To measure the heat transfer froam 300°K and 77°K surfaces
through multilayer insulations to a liquid-hydrogen reservoir, for both
insulation systems that contain and insulation systems that are free
from simulated structural pecaerrations and gaps in the foll system.

3, To correlate the heat-trancfer results obtained from tne
tests with those predicted from “he thermal conductivity apparatus and
our analytical studies for cowparable insulations atd boundary-temperature

conditions.

i

i
Avthur 3. Nistle, Ine. !
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4., To initiate the develcpment of a practical insulation
system that will meet the ground-hold, boost and space reguirenents of
cryogenic containers of the type under consideration for various space
«aisslons.,

To achieve these objectives we fabricated two special tanks and
applied muitifoil insulation onto them. These test articles were to be
shipped to the NASA Plum Brook Station in Ohio, where tests at liquid-
hyditogen temperatures could be performed. Seven tests had been scheduled
but could not be performed, because the tust facilities were unavailable,
Two tests.of a limited nature were performed in a modified, Arthur D.
Little, Inc., facility at Cambridge.

We measured the heat transfer performance of two multilayer
insulation systems., One of these consisted of five aluminum shields,
and the second consisted of five aluminized polyester film shields.
These multilayer insulation systems were applied and conformed to ihe
outer surfuace of separate cylindrical tanks, 48 inches in diameter and
26 inches deep, having torispherical ends. The shields in each system
were spaced with layers of 1/8-mesh, vinyl-coated, fiberglas netting.
The insulated tanks were successively placed in a chanber at iess than
10“5 mm Hg. A liquid nitrogen bath in the tank provided a cold
boundary temperature of -32003, and the chamber walls formed the warm
boundary of the insulation system. The heat flow through the insulation

vss determined from the boil-off of liquid nitrogen within the tank.
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The measured heat flux for the two insulation systems tested in l
both the tenk calorimeter and thermal conductivit apparatus is a
function of the boundary temperatures and the boundary su:face emissivities, ;r
which have been often different for one test as compared to another. é
In order to compare the heat transfer perfcrmance obtained in several :
tests for a given system, we have found it advisable to adjust the
measured heat flux to a set of standard boundary conditions, i.e., 80°F
warm boundary and -320°F cold boundary temperatures and 1.0 for the boundary

surface emissivities. This adjustment to the measured values is based on

the relations for radiant heat transfer, assuming that this is the

perdominant moie by which the heat energy is transmitted.

The average measured heat flux rate on the aluminum shield system
was 0,40 BTU/hr ftz. This compares with adjusted heat flux values
that range from 0.46 to 0.89 BTU/hr ftz, as measured with the thermal
conductivity apparatus for a comparable shield and spacer system.

The aluminized polyester shield system gave results of

1.01 BTU/hr ftz. This compares with adjusted heat flux value of

1.38 BTU/hr ft2 obtained with the thermal conductivity apparatus in

Test 1032 for 20 crinkled aluminized polyester films with two layers
placed back to back and separated by eleven, 1/8-mesh, vinyl-coated,

glass fiber screen. Test 1033, performed with the tnermal conductivity i
apparatus for a 10-foil, eluminized polyester film system spaced with
eleven glass fiber mats, 0.008-inch thick and 50% perforations, gave a

lowesi result of 0.75 BTU/hr ftz.

1I1-3
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Only preliminary conclusions can be drawn from the limited data
obtained in the current period of this program with the aluminum and the
aluminized polyester film systems. These are:

l.  Through the use of gores and/or pressure forming of the
shields and spacers, multilayer insulations can be applied and conformed
to tanks whose geometry is made up of spherical and ¢ylindrical segments,

2. By careful application of the foils and spacers, heat transfer 3

results comparable with those measured with the thermal conductivity
apparatus are obtainable.

The results obtained thus far give promise that significant

— . ——

information applicable to future space-vehicle programs can be obtained
with our current appreach. We recommend that the objectives of this
program be implemented in a continuing effert,
I1. Apprcach
Multilzyer insulation was applied onto a vess=l to cover its
surface completely. The vessel was then placed in a chamber so that the
pressure in and around the insulation system could be reduced to less
than 10-5 mm Hg. The vacuum chamber wall served as the warm boundary
of the insulation. Through the use of a baffle located in the vacuum
space between the insulated tank and chamber wall the warm boundary
temperature could be cont:olled at levels below the local ambient. fé
The cold boundary was formed by the tauk wall, which was maintained
£t the desfred temperature level by filling the tank with liquid

nitrogen or hydrogen. The tank support was reflrigerated from a separate o
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source in order to isolate the tank from all conductive heat resulting
from the support. The heat transfer performance of the insulation system
was determined from the measured quantities of liquid evaporated from the
insulated tank.

The insulation systems used in the initial tests consisted of shields

and spacers identical -.ith or very similar to those fror. which considerahle

heat flux data had been ovbtained in the thermal conductivity apparatus.
Great care was used in applying the insulation systems to the tanks, in
crder that heat transfer performance levels as close-as possible to those
measured on the thermal conductivity apparatus might be achieved. The
insulation systems chosen and the manner and techniques of their
application to the tanks were not intended to represent development of
optimized systems meeting specific vehicle requirementc.

III. Experimental Equipment

A. Calorimeter

The calorimeter wes a vertical, cylindrical vessel, 48-inches in
diameter and 26-inches deep, having torispherical heads. These
dimensions were dictated essentially by the dimensions of the J-3 vacuum
chamber into which 1t had to fit eventually. The vessel was fabricated
from 1/4-inch thick, oxygen-free, annealed copper. Anncaled copper was
used because its high thermal conductivity promotes ilsothermal-temperature
condiiions in the cold boundary over wide ranges of liquid bath level and
insulatilon he;t flux levels., The vessel had a maximun internal working

pressure 30 psi above the external pressure and a maximum :xternal working

I1I-5
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:i pressure 15 psi Above the internal pressure, The tank wag supported
from a aupport flange by a 5-inch, schedule 5, type 304 stainless steel
pipe that also acted as the tank vent. The 24-inch diameter support
flarge was mounted into the top of the J-3 chamber with bolts and was

sealed with O-rings.

FETITEPE

Yhe calerimeter vessel is shown in Figure 1II-1, and dimensions and
details are given in Figure 1I1-2., 1In Pigure III-3, a sectionalized é
view of the calorimeter mounted .into the Arthur D..Little, Inc., test

chamber is shown. "

The calorimeter vent support line extended into the copper vessel,

—— 1

where it connected to the bottom head through o simple sliding support,

ag shown in Figure 111-2, This section of the vent served several

purposes, one of which was to provide the heads with additional

ISR S .

stiffening under external pressure conditions. Further, this extension i

servaed to eliminate severe bending movements that were present in the top :

b

head in certain handiing situations. The extension into the vessel was

o -

perforated tn allow the vaporized liquid to pasa out through the vent. ;i

It aleo contained a capacitance-type liquid level gauge supplied by

NASA/Lewis and served aes a liquid-stilling tube for the gauge.

As mentioned previously, the vent support pipe was to be mounted
in the J-3 chamher by mears of a bolting flange. This flange was used
also to aupport the calorimeater during ahipment and at the time the
ineniation was being applied. The £ill and vent lines for the cold guard

and baffle lines penetrated through the flange with appropriate isolating

111-6
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columns. Thermocouple lead wires associated with the calorimeter and =
insuia%ion temperature measuring sensors were also fed through the support
flange. As shown in Figure I11~1, the flange alsoc served to support the
calorimeter mounted radlation baffie.

The calorimeter tank was thermally insulated from the mounting flange
by a guard coil that limited the heac leak during operation <o approximately
0.1 BTU/hr. The guard coil, shown in Pigure III-3, could be supplied with
either nitrogen or hydrogen. The guard coolant was saturated a' 2 to
5% above the calorimeter tank liquid in order to limit the conductive ;i
heat leak. The internal radiation from the:warm end of the vent was
trapped in a copper baffle that was coated with high emissivity paint;
this heat was thermally shorted to the guard coil. Since the cold guard
was soldered to the vent, the heat conducted down the vent from the
support flange was alsc sherted to the cold guard. The section of vent
pipe between the coil and the tank was shielded from the warm boundary
heat flux by a copper shield that was shorted to the cold guard and was
able to counduct the radiated heat to the coil. The calorimeter fill tube
and the capacitance gauge lead wires were also thermally bonded to this
coil to praclude heat leaks by these conductors from the outside. The
heat absorbed by the coil resulted in bcil-off of the continually flowing
rafrigerant stream. o

Arthur D, Little, Inc., has permanently mounted a baffle on the vent
gupport to thermally decouple the insulated tenk from the warm chamber
surfaces when baffles are used in the chambar as the source bouudary,

This oaffle 18 to be positioned wich respect to any chamber batfles to offer
low pumping impedance betwcen the enclosed volume and the chamber vacuum

gystems. In the tests reported here, this baffle was not used,

111-10 Arthur 7. Ristle, Inc. H




In order to ascure reliable and hazard-free operation of the

calorimeter vessel, wa designed, fabricated, and tested the vessel in

accordance with the ASME Code for Unfired Pressure Vessels and in

accordance with procedures and practices widely accepted for cryogenic

vessels. In addition to Code design calculations, a computer analysis

was performed to further identify the operating limitations of the

vessel. The vess2l welds were radiographed in accordance with Code

procedure. Hydrostatic tests were performed at 1.5 times the working

pressure (45 psi), and strain gauge measurements at critical areas were

taken. Leakage tezts with a4 helium mass spectrometer were performed

at room and liquid nitrogen temperatures. Thus, we achieved reliable

and trouble-free operation c{ the calorimeter and were able to concentrate

our_efforts on measuring and evaluating the performance of the insulation

systein,

B. Aluminum-Foil Insulation System

the first ingulation system to be eppli=«d to the completed tank

calorimeter consisted of five aluminum foils, 0,002 inch thick; spaced

from each other with glass fiber ncotting. This foil system had been

tested extensively in the thermal conductivity apparatus, and consistent

results had been reported. Its application to the tznk calerimeter served
to bridge the drastic geometry differences between the two calorimeters.

At a later date this system will be used to scudy also the temperature !
distribution in the shields rcsulting frur gaps and penetrations introduced

into the insulaiion system,

TN L ST P
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Details of the aluminum foil system applied to the tank calorimeter
are presented in Table III-I. The system consisted of five foill layers .
aitd six spacer layers contoured to the cylindrical and spherical
curvature of the calorimeter vecsel,

The aluminum foils for the top and bottom of the vessel were formed
from 1145-0 grade aluminum. The sheet stock was cut into discs and
stretch-formed in a vacuum jig to a spherical curvature with radii
corresponding to the top and bottom vessel curvatures. The 1145-H19
grade aluminum was not used, because it wouid have ruptured in the
stretch-forming operation, due to its low elongation when stressed. —

The ¢ylindrical and knuckle sections of the shields were formed
from 1145-H19 sheat aluminum, 0.002 inch thick. Gore sections were cut
into the upper and lower portions of the side sheet in order to cunform
the sheet at the knuckles when the elements were folded. The maximum
gore width was 3 inches at the base. To prevent tearing at the base of
the gore elements, the sheetg were perforated with 1/8-inch diameter
holes to redistribute the local stresses. The butt seams between gores
were staggered in each foil layer relative to the adjacent layers to
prevent direct viewing between warm and ccld boundary surfaces.

The side sheets were positioned relative to the vessel through the
use of five 0.030-inch diameter stainless steel pins that had been stud-
welded to the copper vessel. These pins were sheathed with teflon to
prevent the occurrence of Joualized heat '"shorts' between the difforent
foll layers. The orientdlion of the three sections of sheet aluminum
forming each ahiel@'i;yer and the location and type of seait used are
illustrated in Pigure ITI-4.
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The spacer netting was conformed to the vessel surface in much the

same manner that the aluminum was conformed. The spherical portions were

formed by stretching the netting while it was held in a circular frame
over u male die of appropriate curvature (dumnmy tank) and simultaneously
E' oy heated to 200°FP with a natural gas, infrared, space heater. When cooleld
the netting retained its heat-formed shape.
5ii The c¢ylindrical and knuckle sections were formed from a single sheet
of netting; Gore sections were cut into the upper and lower ends of

.- this netting so that the folded elements would conform to the knuckles

., and a portion of the spherical tank ends. The netting gores were made
longer thar the alumiaum in order to displace the girth seams relative

P to one another. Further, the netting-gore seams were displaced relative

Rl ] el RS
v AT M TR T e ,.J'l i

to the aluminum-gore seams, The three sections comprising each layer of
§i netting were sewn together along the principal seams.

Prior to the application of the netting, the vessel was coated with

i pibe it
g v A ] T 8 o TR <

A t3q" Brand Velvet Coating No. 9564, optical black, manufactured by

PN 20X o)

Minnesota Mining and Manufacturing Company. This coating produces a

e

known surface emissivity of about 0,97, which has been experimentally

V% verified in work conducted under contract AF 04(641)-787.

- The bettom and side views of the first netting epacer applied to
i

;[ the calorimeter veesel are shown in Pigure 111-5, Figure 1I1-5 shows

gimilaer views of the fourth aluminum layer and tne fifth natting

spacer,

o, S LT
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(bY Calocrimeter Bottom ‘
]

FIGURE T11-5 ALLUMINUM-FOIL-SYSTEM SPACER HETTING “
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(b) Calorimeter Bottom

ETGURE 11-6 NO. 4 ALUMINUM IOIL AND NO. 5 SPACER NETTING
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C. Aluminized Polvester Film
The second insulation system to be tested consisted of five shields

of sluminized mylar foils, 0.00025 {rch thick, spaced from each other

v

i

with vinyl-coated, 1/8-mesh, glass fiber netting. When properly aluminized,

the smell gauge, lcw density, and low thermal conductivity of polyester

Eﬁ £fiim make it well suited to application in tha range of temperaturas of

: 100°F and below.. Further, the material was salectad for the test insulation
on the aecond tanl because of the large amount of hzat flux data available
from tests performad with the thermal conductivity apparatua. Whare
posaible, the principal characteristics of the aluminized mylar aystem,

i.e., spacer materials, foil and spacer dimenaions, were made identical

wy

to thuse of the aluminum system in order to meke the comparison betwaen
these two systemw more divect. The final configuration of the aluminized
polyaestar film insulation is shown 1. Pigure III-7.

The aluminized mylar fells for tha top and bottom of the vessel ware
fovmad from monstretciad circles 47-1/4~inches in diameter, ‘The bottom
circle was siit radially from the edgs at 16 equidistant locatione with

alit_lengths ~lterndting betwasn 8 avd 20 inches. The circle forming the

top of the calovimeter tenk was slit in & similar fashion, except that 'i 2

slit langths alterndced heatwean 6 and 8 inches, All segments of all foil

layers were orientad with the sluminize! surface facing the warin boutdary, e
While our attempts to stretch-form the heads into spherical ssgments

proved succsssful, we did not use this method, bacsuse alteration of the

wylar-radiation characteristics and/or thinning of the alumiuization layer

111-18 y
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(b) Calorimeter Bottom

FIGURE I1-7 ALUMINIZED-POLYESTER FILM NO. 5
FOIL AND NO. 6 SPACER NETTING
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could result, and the insulation system could be degraded, The details
for applying the foils on the cylindrical section of the vessel and for
applying the spacers were the same as those discussed above for the
aluminum insulation system.

The foil layers became discontinuous at the top of the calorimeter
vessel in the vicinity of the vent support. The edges of the éhield
system were in direct view of the lower end of the vent support. The
warm shields could have chunneled heat into the calorimeter tank., This
was avolded through the use of an edge guard which was attached to the
neck shield and was, in turn, shorted to the cold guard. The edge
guard may produce ar. apparent improvement in the f{nsulation performance,
because heat escaping the edges is directed into the guard. The edge-
guard details are shown in Figure IIL-8.

Secondary to measurement of the calorimeter heat leak was the
measurement of the temperature distributicn in the foil system. This was
accomplished with copper-constantan thermocouples which were attached to
selected folls at the locations shown in Figure I1I-9.

The thermocouples were prevented from intevacting with the insulation
system through the use of small-diameter lead wires and a thermorouple
Jead guard., The thermocouples were fabricated from No. 40 B & 3 wire
gauges (0.0031 inch)., The guarding was provided by the vent support
shield shown in Figure I1I-8. The shield was insulated with the same
number and type of foils as used on the calorimeter vessel. The thermo-

couples exited the calorimeter test insulation at the neck edge and passed
11-20
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1 oD D

I 3/16-tnch 1/16-inch

~ Guard Coil

Vent Support Centerhine .

*‘i - R % 5 inch, Schedule
5, Stainless Steel Pins
s 8-1/2-inch ID x Calorimeter Support
- ] } 10-1/4-inch OD x —
B 1/4-inch Thick |l |
= Micartar
- DETAIL "A" _4ﬁ /% i
Five .002-inch, 1145 - H19 §
N Aluminum Foils and 6 - . . .
E C Shield 4-1/2-inch L. R.
{1 1/8~inch x 1/8-~anch Plastic \\ Opper M. f2-10¢ R |
i £l Covered Glass Fiber Netting
T 1 /16-inck Copper [N
3 A\
Yoy \
. S
< \
1 |
g \
R
B
»: |
g | 1 /8-inch x 1/8-inch Plastic .
? Covered Fiberglis Netting. 1/16 11(1;0};): ::et |
« S ‘ Hole cutout 8-1/2-inch Diam- %
- ! ; eter for First 3 Layers; 3/8" 7\
e i 10-1/2-inch Diamcter for /\
- R All Other /
. 1y
- . E : { — b= —al /§
. — | / \ |
t éé Aluminum Foils - 4-9/16-inch R
-32 > N Hole. For Neck Opening .
- H. See DETAIL -
i _ \
8-1/2-tnch 1D x 10172003
Dexter Peper Spacers - N

Upper 8 Spacers Only
FIGURE 111-8 TEST INSULATION EDCE GUARD AND VENT SUFPFORT {(RADIATION SHITLD)
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Orientaticn
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Thermocouple Plane

A" Location

A "B" Location

"C" Location

X Thermocouple Identification

Note: IC and IB of Aluminum Shield System Inoperative.

& Baffle Surface

"~ * - 5

: 3 ) Foil Number .
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Distance from Center of Tank Bottom
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FIGURE 111-9 INSULATION SYSTEM, THERMOCGUPLE LOCATIONS
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into the neck shield insulation at corresponding depths. (See Pigure
I111-10.) The couples exited the neck shield insulation and connected
to the vacuum feed-through cn the support flange.

Because of the similarity of the neck and calorimeter insulati.ns
as well as the source and sink temperatures, both temperature distributions
were nearly the same, Thus, any heat conducted from the vent support
flange would be distribited in the neek shield insulation and slightly
alter its temperature gradient. At the same time the thermocouples would
achieve temperature equilibrium with their respective shields prior to
passing to the test insulation. As a result of the guarding and the
small wire diameter used, the heat conducted through the thermocoupie
leads to the test {nsulation was estimated to be of the order of
0.1 BTU/hr.

D. Tegt Facility

At the start of this program it had been intended that the
calorimeter tank bc maintained at 37°R through the use of liquid
hydrogen. To this end the hydrogen facilities at the J-3 cell,
NASA/Plum Brook station, were adapted for use with the calorimeter.
However, at the completion of the modification work the facility was
requisitioned and used for a high-priority NASA research effort, and it
could not be made available to this program in time to comduct “he
planned multilayer insulation tests prior to expiration of the contract.

As an expedient, an existing facility at Arthur D. Little, Inc.,
Cambridge, was adapted for use with the calorimeter to ohtain limited

data at li{quid nitrogen temprratures. An equipinent and inst~ument test
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for the. Cambridge facility is given in Table I1I-II1. The wall of the
chamber was used as the warm boundary radiation source instead of a
controlled temperature baffle sysier similar t~ that provided in the
Plum Brook J-3 facility.

The use of nitrogen in the Cambridge facility resulted in a
considerably less hazardous operation than the J-3 operation. Thus,
local hand operation of all functions and local instrument readout
resulted in a greatly simplified system.

The facility consisted of a 5-foot diameter vacuum chamber, 4-inch
diffusion and fore-pump system, 500-gallon liquid nitrogen supply tank,
liquid nitrogen cold guard system, and calorimeter vent-system, Theae
are all identified in the flow zchematic shown in Figure III-ll.

The vacuum chamber was fabricated from carbon steel, Access to its
interior was provided through the upper head, which was flanged but not
bolted. (See Figure JII1I-3.) External pressure and a neoprene O-ring
were used to vacuum seal the flange joint. The interior of the chamber
was coated with optical black to produce a high emissivity surface. A
dynamic chamber vacuum of less than 1 x 10"'5 torr was maintained with
a8 4-inch diffusion and fore-pump system. The calorimeter was flange
mounted into the chamber head in identical fashion to the mounting in
the J-3 facility.

The function of the cold guard mounted on the calorimeter vent line
was to prevent the heat that was conducced down the vent line from the
support flange from ever reaching the calorimeter tank. The "shorting"

of this heat leak was accompiished through the use of a copper coil

I1I-25
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TARLE III-11

EQUIPMENT AND INSTRUMENT LIST

CAMBRIDGE TEST FACILITY

5 Item No, Description

- 101 Calorimeter

3 102 Vacuum Chamber

E;; 103 | 4-inch Diffusion & Fore-Pump System

- 104 Liquid Nitrogen Supply ~ Calorimeter
105 Liquid Nitrogen Supply - Cold Guard
106 High Pressure Nitrogen Gas Supply
107 Vent Gas Heat Exchanger ~ Calorimeter
108 Vent Gas Hzat Exchanger - Cold Guard
109
P1-110 Pressure Indicator, 0-30 psia
P1-111 Manometer, 0-50 inches water
RV-112 Relief Valve, 2-inch, 5 psig set pressure
v-113 Globe Valve, 2-inch
T-114 Mercury Thermometer
T-115 Mercury Thermometer
F-116 Gas Flow Meter, 0.1 ft3/revolution, wet test
F~117 Gas Flow Meter, dry type, American

Meter Type 25B
P-118 Presgure Gauge, 0-25 psig
PRV-119 Pressure Regulating Valve
P-120 Vacuum Gauge, 0-30 psia
LLR~121 Ligquid Level Capacitance Meter
TR-122 Foil Temperature Recorder
v-123 Instrument I.ine Valve
P-124 Vacuum Gauge
v-125 Gas Line Valve
v-126 Cylinder Valve
T-127 Guard Gas Exit Temperature, Thermocouple
111-26
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thermaily honded to the vent, which recelved a separate supply of liquid

nitrogen. The heat was carried away by the vaporized nitrogen. i

B

The cold guard was suppiied from a 100-liter commercial dewar that
was pressurized from a high pressure gas supply (Pigure III~11). The
cold guard temperature was maintained at a level a few degrees above the
calorimeter temperature to prevent recondensation of the calorimeter vent
gases. The cold guard vent gases were brought to roor temperature by ar
alr-warmed heat exchanger. The pressure, temperature, and flow quantity
of this gas stream, as well as the cold guard temperature, were monitored ¥{
to assure proper performance of this system.

The calorimeter vent gas was brought to room temperature in an o
a{r-warmed heat exchanger. The atresm flow was measured with a wet test
mater., ‘The temperature aud pressure cf the sntream at the meter inlet
wer? measured so that appropriate corrections to the flow quantities
coulid be made,

When the calorimeter was placed into the vacuum chamber, the following
principal steps weire taken to place the system in operation:

l.  The chamber was slowly aud uniformly evacuated from
atmospheric pressure to approximately 0,25 inch of mercury over a period
of one hour. This rate was based on a couservative esrlimete of the
preasure gradient within the foli syster that would avoid the possibility
of dawaping the gystam.

2, Next, the chamber pressure was reduced o approximately

107" mm Hg over a period of i4 hours while the chamber, insulation, and

other surfaces were outgassing.

1
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3. The calorimeter was then filled from the 500-gallon

-
‘%ﬁ_ ,i 1iquid nitrogen supply tark, When the calorimeter was full, the transfer
o line was disconnected from the calorimeter, and the calorimeter filling
: ? ! connection was blanked off.
- ‘ ; }! 4, Subsequently, the cold guard dewar was pressurized
'? | from the high pressure gas supply, and the vent gas rate was set by
, 1
£ { throttling valve V=128,
% { 5. Iruring and after the approach to temperature equilibrium
| of the insulation system, we measured the following data:
L Eé a, Calorimeter vent gas flow, F-116.
,E% b. Calorimeter vent gas temperature, T-115.
'% ¢. Calorimeter vent gas pressure, P-111l,
,; - d. Local barometric presaure,
_% e. Guard vent temperature, T-127,
i £. Guard vent temperature, T-117,
:;Ali . Guard vent pregsure, P-11&,
é%%lg ff h. Guard vent flow, PF-117.
f ?3; . i, Chamber vacuum, P-124,
K f’ i 3. Chamber wall temperature.
1&% 'f k. Shield temperatures.
% ] i | E. Auxiliary Equipment
;f/;i { In the early months of the program we acquired certain support
é Fv equipment to be used with the calorimeter. The principal iiems {n this

group include the calorimeter mounting fixture, dummy tank, and shipping

container.

111-29
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A mounting fixture for positioning the calorimeter tank while the
insulation was being applied was deemed necessary. The insulation system
is easiiy degraded if severely compressed or struck with any objects. To
minimize such contacts, a fixture was designed that would grip the calori-
meter flange and position any portion of the tank surface in any desired
orientation. This fixture is shown in Pigure III-12,
The design and fabrication of the calorimeter occupied a significant i:
portion of the program period. To»n initiate development of the insulaticn
svstem as soon as possible after the start of our program, we fabricated %f
- a steel "durmy tank'" having dimensions almost identical to those of “he
calorimeter vessels. This vessel is shown in Pigure 111-12 assembled
into the mounting fixture,

- During shipment between the Arthur D. Little, Ira,, facility in
Cambridge, and the NASA/Lewis facility at ¥lum Brook, the insulated
calorimeter wmust be completely protected from contact with foreign objects

?r and oil and other sontaminants that would degrade the insulation., We

have designed & shock mounted container, shown in Pigure III-13, that

will support the calorimeter by its flange and completely enclose it.

The container {8 mounted on a pallet to facilitate handling with a fork-

lift trueck,

1IV. Experimental Results

A. Experimental Program

At the initiation of the insulated tank program, a series of seve:
tests at liquid hydrogen temperatures were plammed wilbin the current

contxact pariod. These tests are {dentified in the Third Quarterly
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DUMMY TANK AND MOUNTING FIXTURE

FIGURE IlI-12
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Progress Report and included tests on & system incorporating a&luminum

rad:ation shields and on a system incorporating aluminized polyesfer
£ilm radiation shilds. The heat transfer performance of each was to be
measured with and without simulated gaps and structural penetrations in

the insulation system. Because of continued interference, by other prcgrams,

in the schedula2d use of the J-3 facility at the Plum Brook station, alil
tests originally planned were cancelled. The test objectives of the
program were subsequently limited to tests that could be obtained with
liquid nitrogen at Arthur D. Little, Inc.'s, facilities in Cambridge.

The two systems tested have been described in a previous section

e o e ek o . -

and the principal characteristics listed in Table III-I. The aluminum
foil system was tested in the pericd June 27 to July 3., The second
system was tested in the period Septemoer 24 to 30, In each case the
insulated calofimeter tanks were mounted into a 5-foot diameter vacuum
chamber as shown in Pigure II1I-3. With the chamber evacuated to a
pressure of less than 10"5 mo Hg and with liquid nitrogen in the calori-
meter tank, we measured the quantity and rate of vaporized nitrogen &nd
also the distribution of temperature within the shields, The liquid
nitrogen bath within the calorimeter tank maintained the cold boundary
uniformly at -320°¢, while the warm boundary, formed by the chumber wall,
was maintained at room temperature by room air convections.

B. Measured Heat Flux

The total heat rate to the calorimeter insulation over a given data
{nterval is related to the boil-off in the following manner, Three

faciors contribute to the boil-off of liquid nitrogen from the calorimeter
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tank. The first two are heat leaks and consist of the heat flow through
the insulation system and the heat flow through the calorimeter support
system. These two cannot be distinguished from one another readily except
when the latter is minimized by appropriate design and system operation,
The third contributor is the change in the barometric pressure which
becomes reflected in changes in calorimeter ullage pressure, The liquid
nitrogen bath becomes a heat reservoir that stores heat when the pressure
is rising and releases heat with a decline in pressure, Chenges in the
stored heat quantities must be accounted for, as they promote changes in
the vent gas quantities.

The total heat rate comprising heat leaks and pressure changes 1is
computed from the total nitrogen gas mass vented in the data interval
and the latent heat of vaporization of liquid nitrogen. The gas mass 1s
computed from the integrated volume measurement ¢f the calorimeter vent
gas stream and its temperature and pressure at the metering point. An
hourly heat flow rate is next computed based upon the length of the data
interval.

When the baromef:ric pressure does not change over the data peried,
the computed heat-flow rate is also the rate corresponding to the
insulation and support heat leak. 1In Test No. 1, the barometric pressure
remained constant through the test period. Test No. 2 was conducted under
conditions of rapidly varying atmospheric conditions and pressure. The
meagured heat flow was corructed from the computed value of heat storage
or heat release in the following manner. The average mass of the liquid

bath during the data interval was established from the liquid-level
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measurement, tank-volume calibration, and liquid density., The increase
or decrease in the saturation temperature of the bulk liquid at the end of
the data interval as compared to that at the beginning is determined from
the change in the calorimeter ullage pressure, which is & function both
of the local barometric pressure aad the pressure loss in the vent systewm.
From the change in the bulk temperature and the liquid specific heat at
saturation, the total heat energy stored or released during the data
interval was computsd and converted into an hourly rate. Any heat stored
during the data interval was added to the heat flow determined from the
calorimeter boil-off; a release of heat during the data interval was
subtracted. The corrected values for the total heat flow are presented
in Tables I1II-11I and 1III-1IV for Tests Nos. 1 and 2, respectively.

The data for the aluminum foil system are presented in Table III-III.
The test was divided into eight data pericd: in which the guard temperature
remained relatively constant, A depletion of liquid or gas in the guard
supply system (see Figure IXII-11) produced these many interruptions. The

changes in guard temperature level werae the result of the attempt to

economize on the liquid supply; the system flow would be set for a guard ,
temperature of about -310°F, but when left unattended it always achieved ‘i
a higher equilibrium teuperature. Thus, if anything, the resulting
computed total heat flow is higher at the higher guard temperature than ;ﬁ
that due to the insulation only, because of the contribution of the support

heat leak which cannct be accurately defined,

P -
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The measured average heat flux through the insulation system was
computed from the total heat flow and the area of calorimeter surface,
assuming that the support heat leak is zero. As will be discussed later,
this assumption is very good when the guard temperature {s maintained
below -300°F. A new guard system used in Test No. 2 assured this
conditi on except when changed intentiona. lv., However, for Test No., 1
there is no choice but to accept the heat flux as that passing th.ough
the insulation, except for Tests 1-A and 1-D. In Test l-A, the measured
foil temperatures indicate that the insulation system had not fully
achieved temperature equilibrium until near the end of the data period.
Test 1-D was performed intentionally without any guard:flow, and the
neck heat leak must, therefore, be significant,

The average temperatures of the chamber wherc ihe tests were
performed are also listed in Table III-III. As can be seen, these
average temperature values vary from test to test. PRurther, we assumed
that the vacuum-chamber shell was in equilibrium with the ronom air.
Measurements of the chamber wall and room ambient temperature during
Test No. 2 indicate this assumption iu good to within about 4°T. Thus,
the warm boundary temperature varied from approximately 74°F to approxi-
mately 90°F.

Considering an ideal case where radiation is the sole mode of heat
transfer, a change of 5°F in the warm boundary temperature results in a
3.5% change in heat transfer rate at the temrmerature levels under

consideration. As will be pointed out later, ths data iundicate that
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radiation is the principal heat transfer mode. Thus, in order to
appropriately compare the heat transfer data obtained in one data period
with that of a second data period, it appears reasonable that comparison
be accomplished at a single warm boundary temperature. We have chosen

to compare all heat fluxes at a warm boundary temparature of SGUF, using
the fourth-power temperature difference of tha Stefan-Beltzmann radiation
equation to make the adjustmeut from the experimental boundary conditions.
These adjusted values are presented in the last column in Table TII-III.

A plot of heat flux vs guard temperature does imply a trend »f
higher heat leak at the higher guard cremperatures. This 1s shown in
Figure I17-14 for Tests 1l-A through l-J. At guard temperaturecs below
-240°F, the mean heat flux, weighted in terms of the test duration, appears
to remain nearly constant at a vatu~ of (,38 BTU/br ftz. At higher vilues
of the guard temperature, the heat fluxes computed from the ver. gas
appear to increase almost linearly to an equivalent value of
0.65 BTU/hr ft2 which is obtained when the guard is not provided with
coolant,

Note that in Test No. 1 the guard temperature levels were establizh.d
from the temperature of the guard vent gas, Prom the data obtained in
Test No. 2, where the temprrature of both the guard 4and guard vent gas
ware measured, we determined thac the guard wat approximately 40°F or
lcus below the vent gas temperature except when there was no coolant flow
or very little coolani €iow. With no coclant flow the guard in Test
No. 2 achleved a steady state temp.vature of ~20"% when the vent gas
therooccouple indicated & temperature of about 7%, Thus, in precenting
the data for Teut No. 1l in Figure Iii-14, the guard vent ,. temperatures
are vsed as guard temperatures except for Tests 1-D and 1-J, where tie
temperature used is that measuved Iin Test No, 2.

QArthur B Ristle Inr.
i11-139




old-Guard Temperature (°F)

L1

4()
20
0

'
NI
=

- 40

2

)
x
=

- 10
-120)
-1 465

~-160

-1 80
- 20%)
-220
-240)
<260
- 280

RILY
-320

2
Insutavion Heat Flux  Adjusted Values {(la/hr ft7)

FIGURE 111-14

|
-7
mJ:mA'ﬂH‘ﬂ';fl o 1 e——
0 Ul 0.2 0.3 0.4 0 h.6 1.7

0.8

INSULLATION HEAT FLUX VS COLD-GLUARD
TEMPERATURE- - ALUMINUM -RADIATION.

SHIEID SYSTFEM

mn- 40

s

L a——_ W 3 . b

.
e

+

TR G R R emm ey




sl
- .-

In order to compare the results of these tests with those obtained with
the thermal conductivity apparatus, we computad a weighted and adjusted
average heat flux value of 0.402 BTU/hr ft2 for Tests 1-B, C, E, F, G,

and H. Further we normalized the thermal corductivity apparatus data
with vespect to warm boundary temperature, number of radiation shields,
and warm and cold boundary emissivity, The ncrmalized values are presented
in Table III-V for 14 tests along with the originally reported heat flux
values and other pertinent data. With one exception the tank calorimeter
flux 18 lower than those obtained with the thermal conductivity apparatus.
This is an unusual result in view of the much grester complexity of the
tanlh ipsulation system,

Por several reasons, no attemplt has been made tc compute tne thermal
conductivity of the insulation system. The insulaiion thickness is not
uniform, Por example, at the knuckie radii{ on the tank heads, the
{nsulatfon build~up Is about 1/16 inch for each layer of aluminum and
spacer netling. Second, the top and bottom of the calorimeter tank are

j not perfect spherical segnent:, The aluninun foils And netting are,
tharefore, spAced Away from the tank at certain locacions, Third, it iw
axtiemely difficult to messure the dlstance that the outer foll is displaced
away from the tank, In view of the probable wide variation in thicknuss
and difficulty of measurement any reported thermal conductivity values
for the tank systens would be misleading.

The data cbtained with the aluminized polyester flion vadiation ahields
are presented {n Tahle ILI-1V, Consicdecably {mprovement tn the leng'h of

the data periods as well an improved guard temperatiten win Achieved
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through the use of a revisad guard system. In these tests both the

guard and chamber tomperatures were wmeasured directly with thermocouples
and continuously recorded, The basic heat transfer information was
obtained in Tests 2-A and 2-B with the guard maintained at -314°F and
-317°F, respectively. 1In order to evaluate the heat leak to the calori-
meter through the support system, we operated in Test 2-C with a restricted
flow of guard coolant and in Test 2-D without any guard coolant. As
evident from the data, the total heat flow increased a maximum of 30%
under these conditions,

The heat flux data obtained in Test No. 2 has been normalized to a
warm boundary temperature of 80°F. The adjusted heat flux value for
Tests 2-A and 2-B give a weighted average value of 1,1 BTU/hr ftz. This
value is approximately 20% below the normalized value obtained in Test
1032 on a comparable insulation system and about 30% greater than the
normalized lowest value obtained in Test 1033 with glrss fiber mat,

0.008 inch thick, perforated 507. Data obtained with the thermal
conductivity apparatus on four other aluminized polyester film systems
ara presented for compariscn in Table I1I-V. 1t should be noted that
these systems are different from the one tested with the tank calorimeter.

C. Radiation Shield Temperature Distribution

The temperatures of the vadiation shields at select locations were
continuously recorded during the progress of the calorimetric measurements
on the multi{layer insulation. These data are of great importance for
inferring what are the principal heat transfer modes of the tested systems

and for showing up imperfections in the application techniques,
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The analysis of the temperature data was simplified by the use of

high emissivity coatings that were applied to the source and sink w
boundaries. Both the vacuum chamber inner surface and the calorimeter
tank outer gsurface were coated with 3M Brand Velvet Coating No. 9564
optical black, for which we have previously measured a total hemispherical
emissivity of 0.97. When boundary emissivities are large (by a factor of ;;
10 or greater) in comparison to the radiation shield emissivities the value
of radiant heat flux component is determined primarily by the radiation
shield performance. A low emissivity on the boundaries cannot be known :
accurately while its effect on the value of the radiant heat flux is
significant, especially for a S-shield system, The high emissivity coating F i
on the warm buundary is of particular importance as the effect of the
ratio of the insulation area to chawber wall area on the heat transfer A
between the two surfaces is made negiigible.

The location of thermocouples within each insulation system {31 shown
in Figure 1II-9. All except for thermocouples 1R and 1C on the alurinum
system, which vere made inoperative during fabrication of the insulation,
performed well,

The veasured shieid temeratures are preseated in Figures ILI-15
and ITI-16 for the aluminum and aluminjzed polyester film systems,
respectively, 121 ¥igure 1I1-16, two things are immediately apparent,
First, the "A" thermocouples m al} shieids read significantly loer
tempecatires than 3" and "C" thermoco.ples. Second, the shicld tempera-
tute. Aaccively responds to vacuum ctambser cemperature, particularly in
late afternoons, when & porvfon of the chmuber was in diract sunlight, This

effect pointe up the ased for providing good temperature control of the

warm boundary,
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From the average boundary conditions and the measured heat fluxes
the average apparent shield emissivities were computed. Average values of
0.0254 and 0.069 were obtained for the aluminum and aluminized film,
respectively. Then through use of these emissivities the theoretical
shield temperatures were determined. The computed temperatures are
cumpared in Fignres 11I-17 and 111-18 with the experimentally determined
temperatures for the two systems under ccnsideration here, The periods for
which the data is presented were selected on the basis of the lowest guard
temperature achieved. Tests 1-G and i-H were used for the aluminum shield
system, and Test 2-B was used for the aluminized film system,

Radiation shields 2, 4 and S5 of the aluminum system are generally
higher in temperaturz than the computed values. Considering only the
radiaticn-heat-transfer mode, a decrease in shield emissivity with ‘2creasing
temperature would promcte this effect. Though not accurately established,
there is an experirintal as well as theoretical basis for the proportionality
between emissivity and absolute temperature of aluminum and other metallic
radiation shields. Were it not for the varying warm boundary conditione
and the many interruptions in the test due to loss of the guard supplies,

a correlation of the temperature and emissivity would be attempted.

ilowever, in addition the single thermocouple or No. ] foil shows a
shieid temperaturs whlch is on the average about 55°F below the computed
value Hr this shield. A thermal shiort between Mo. 1 shield and the
calorfmeter could promote an effect simfilar to the one noted. While no
electrical centinuity existed between the two during fabrication of the

insulation system, subsequent movement of the calorimeter could have
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resulted in a shore either at the pin locations (cylindrical portion of

rthe tank, @#ee Figure [I1-4) or at the edges of the aluminum fofl, A

sifver attached to the foll may have contacted the calorimeter tank,

Poil No. 1 is not currently accesgible asd, therefore, an ejectrical
continuity check to demonctrate shorting cannc. be nerformed, It (g to

be notad that a short did exist, after fabrication of the insulation system,
botween shields Ko, 3 and 4. As the temperature .f shield No, 3 is not
measured, we cannot determine the magn® (1 de of its effect., However,

Judging from the heat transfer performance of this insulation system and

thie measured tw perature of shield Nos, 2 and 4, we gurmiae that the thermati
shorting iy of small value,

The shield temperatures at the "A" location in the vicinity ot the
neck edpe are very close to the computed values and both are significantly
lower than the "BY and "C" location temperatures, Order-of magnitude
estimaten Indicate that the loss of radiation from the shields through
the edge to the neck supprrt may Account for the lower temp ature near the
edges, It must he noted that the odge guard (mee Pigure i,1:8) doas not
actually guard the firsc layers of the {usulation system, herause a space
must be alluwed between the guard and calorimeter to prevent thermatl
rhorting of the two. While the guard will prodice the same effect as the
neck when ft is at ~300°!, an opposite effect should result when it fs
warmed as in Test 2-C and Z-D; i,e,, the "A" temperature should rise
higher then *he "B" and "C'" location temperature; becauee of radiation
directed into the edaes, However, this opposite effect did not tak: place,
We expect to pursue several approaches to expiain the observitions, one of

which i{rcludes the calibration of all the thermocouples that sre accessible,
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In all that has been stated thus far, little mention has been maae
of etfect of the spacer and molecular conduction effects. We have assusned
that negligible values hava bevn acceorded to these except for the weak
short existing betveen No. 1 aluninum shield and the calorimeter.

Por exawple, spacer ard molecular conduction have two effecta: ficst,
they increase the unit Leat transfer rate of the {insulation, and second,
they clter the temperature distribution of the radfation ahields, With
regard to the former, the heat flux measured witl the aluminum sh.elds l»
what would he predicted from 5 consideration of the radiation component
alone, praovided that account was iaken of the decrease in emigaivity with
tem.arature, Molecular conduction haa iha eifect of reducing the tempera-
ture differeni ¢ between vadiation ahields. For example, if molecular
conduct fon accounted for 10% of the heat flow hetwean No, | shivld and
the .aloifmeter, the foil tomperatwre deciease would he abont .5°P 1n
either system, This would be brought nbout by 1enfausl gan pressure of
about 0.3 x IO‘A me Hg in the aluminized film system and G.i3 » 10-& mm Hg
{n the & luminum shicld system, While we did not neasure the Interatitial
pressure, the chamber pressure was mainte ined about one magnitude lowe)
than 2.ther of these values, In the aluminim rystem, if nolecular
conductlon had resultesd in a low No. 1 €foil temperature, then molecular
conduction would have caused a similar re.uction in the No, 2 shield
temperature, In Pigure 111-19, the heat flow due to molecular cvonduction
{s presented as a function of residual gas pressure (nitrogen) and the

differential tomperature betwean shields.
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D. Application of Insulation

Several comments can be made at this time with respect to the relative
difficvity of mounting the two multilayer irsulation systems reported here,
Generally, the aluminum {s m.re difficult to cut than the mylar. Cutting l|
of the aluminum produces slive s and pointed edges v ..ch must be carefully \

insyected and removed., Aluminum (s lees difficuit to mount upon the tank

and adjust i(nto proper pomrition than th mylar., However, once the mylar
is locatod, the rext iayer of nattings can he asewed together without fear
of creating strong thermal! ahorts, aa i{s the case with aluminum shislds,

Genurally, the alumious system wis rore difficult to apply to the

calorimeter than was the aluninterd polycater film aysiem, as reflec’ ud
in the grerater lapaed time and minpower 1equired fo. fts installat(ona
V. tonclusions

1. Through the vse ot zares and/or preasure forming nf the

folls and apacera, multilaye, inaulations cen ho accuritely ronformed to
segmerits of spher cal and cylindrical surfaces,

2 By coreful application of the fotls and netting,

haat transafer resulte comparable with those measured with the tionrmal
comductivity apparatur are ohtajnable,

1, The neasuted temporatuie distrthution |+ the radlation
shiaids confoirans generslly to the theoretical diatribution when radiation
in tie sole mode of heat transfer, 1

4, Thermsl conduction due to the preasence of the spacer

and rasidual gae appears to be amall £m the systemand conditinns tested,

111-5%
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5., VFiom our experieice it appears that aluminum radiation
shields of 0.002-inch thickness miy vequire more manpuwar and lapsed time
to form-and apply to the tank systaa than .re required to form and apply
1/46-mi]l aluminized polyester film,

6, The 5-foil aluminum radiation shield system gove heat
flux values nearly one-third the values obtained with che 5-foil aluminized
polyester film, However, the ciwmputed X @ are nuarly the name, f.e.,

4 4

2.2% x 10" and 2.85 x 107 BTU-16/nF £t° °F for the aluminum and aluminized

Polyeater systemu, respectivaly based on calculatad (usulation thickuess,
T+ The results vbtained thus far give prumise that

significant information applicable to future spare-vehicle programe can

La obtained with ou current approach,
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IVv. EFFECT OF METROROID-BUMPER DEBRIS ON INSULATICN

The velocity of meteoroids is generally such that on impacting a
thin sheet of material the meteoroid and the portion of the sheet punched
out by the meteoroid are sublimed. Behind the thin sheet the vaporized
debris expands. The momentum of the meteoroid will remain in the vaporized
debris, but the momentum per unit area of cross section parallel to the
bumper will diminish as the vaporized cloud expands. This permits one
to expose a surface behind the thin sheet at such & stand-off distance
that the surfoce can withstand the impulsive loading due to this diminished
momentum density. This {8 the concept of the metcoreid bumper for pro-
tection of space vehicles first proposed by Whipple and discussed in
some detail in our report of June, 1963.<1)

During the latter hailf of this contract period, A program was
{ritiated to investigate the effect of the dehris from neteoioid-bumper
{nteractions on multilayer inrulatinn, The purpose of this prcgram was
to determine experimentally the mode of failure of the insulation when
‘mpacted by the debris and to determine the minimum "stand-cff Jdistance”

tha: results in no damage to the insutation,

—-— -

(1)”Hete0roid Bumper Pratection for Space Vehiclee: Tentative Derign
Criteriu,” R. H., Johnston, D, A, Knapton, snd D, Lull, to NASA,

Report No. 65008-05-01.
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Estimate of Stand-off Distance

Our initial efforts were to estimate the minimum stand-off distance
between bunper and insulation that results in no demage to determine
whether this distance was at all reasonable. These estimatos were to be
used in experimental tests to follow.

The neteoroid bumper debris imparts an impulsive temperature and
pressure to the inzulation. Only the impulsive pressure was belleved to
have a significant effect, Failure due to this prossure could be a
fracture of the outer layer or layers of insulation, or a compression and
deformation of the insulation to the point at which there is little » -overy
and & marked increase in thermal conductivity, The lattaer was derermined
to be the most probable mode of insulation failure. The strength of the
auter layer of inaviation appeared to he greater chan the ability of the
multilayer system to resist deformation, Based on this mode of faillure.

the minimum stand-off distance, 3, was shown to he Approximately:

S = s.zs(ﬁ Y () (D

where 1 is the tctal impulse of the incoming metearcid, Fr i tlh. maximm
static compressive loading the insulacion will withatand with wo appseciable
increase in conductivity upon recovery, ¢ is the compressihility or

"apring conatant' of the fasuiation, and P and t are the denaity and

(2)

thickness of tle outer lajer of fnaulation, Applying this relat Lonship

rr— - —

a
(")"second Quarterly Prougrass Report', to NAEA, Report fio. 55008-00-02.
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I to a cislunar flight with an exposure of 105 ft2-days and a reguirement

¥ to avoid meteoroid damage with a probability of 0.99, it was estimated
that a minimum stand-off distance of about 10 iuches would be required.
This was not considered unreasonable.

Minimum Weiglhit Considerations

It can be seen from Equation 1 that if a protective skin is added te

the insulation, the density and/or thickiess may, in effect, be increased

P and the stand-off distance decreased, This reducucion in stand-off distance
' will result in a reduction in meteorvid-bumper weight when considering
— curved surfaccs, The weipht reduction, however, has been shown to be
| generally offset by the addit!onal weight of the protective skin, assvming
the weight of the asuppo:ts for the humper in sapace ia a small fraction of
the bumper wvlght.(])

Degcription nf Tests

A series of teatn was planned for a hypervelocity impact range at
McGLll Univerafty. ‘lhelr purpose was to determine sxperimentally the
minimom stand-off distan e between a bumper and seversl different types
of multilay r insulation, and the mode of fallure of the insulatlon,
Siuce the addition of a protective skin could reault in a weight penalty,

tne tests were to be conducted with ne protective skin, Teats were to

consiat of flring pellets At samples of esch type of insulation “whind a

3

NEW U

i
L

bumper., The spacing between the bumpar and i{nsulation wae to be varied
to determine the minimum spacing that resulted in no damage to the
fusula:fon. Damge was to be assessed visually with pevhaps a limited

’,
number of thermul conductivity measurements in the X-apparatus,

(o

3 A ——— — -

(3)"Third Quatierly Progress Report™, to NASA, Report No, ©5008-00-01.
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Four types of insulation were selected for the tests aud are listed [
in Table IV~1. It was estimated that 6 or 7 shots would b2 required to _
determine the minimum stand-off distance for each type., 1In order to }
(1) assure complete vaporization of the pellet and bumper, (2) utilize {
a pellet with a typical meteorcid mass, and (3) achieve a minimum stand-
off distance that was practical and within the test range capahilities, K
& 1/16-inch diameter spherical plastic pellet, a pellet velocity of
30,000 feet per second, and a 0.005-~inch plastic bumper were selected. X

Tests were to be conducted at a pressure of less than 50 microns. Test

: s : :
s i oy, ettt D il ve sl iRl S ———

samples 18 inches square and a sample mounting device were fabricated,

A sketch of the test range and mounting device is shown in Pigure IV-1,

Prom this test program, the minimum stand-off distance for each

e A

insulation corresponding to one meteoroid momentum {(I) was to de

ks A

decermined. Asgsuming the impulsive loading or the insulation is an
exponential function of stand-off distance (S2 & 1), the stand-off

requirement for all incoming ~eteoroids that are vaporized upon impact

Ml e g Wi T

could then be estimated and the design of a bumper insulation system 1

mace more rational. j

Sabot Separation and Low Velocity Debris

The test program was scheduled for August but was delayed and not
accompiished in this contract- period foi' two main reasons, FPirst,

difficulty was encountered in separation the sabot from the projectile,

bore. Since we were interested in firing a projectile of much smaller

I
|
The final stage of the McGill hypervelocity light-gas gun has a 1/2=1inch '
size, it was necessary to mount the projectile on a 1/2=-1inch diameter 'I

Iv-4
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‘ TABLE Iv-1
MULTILAYER INSULATION SAMPLE DESCRIPTION

1. Ten radiation shields of 0.002-inch thick soft aluminum {(Alcoa 3
=l 99,4%), bright on two sides, and ten spacers of 0.02-inch thick 1
I rosin coated fiberglas mesh, grid dimensions 1/8 x 1/8 inch

(Owens Corning Corporatiom). i

i 2. Twenty cadiation sinlelds of 0.0005-inch thick soft aluminum i
i (Alcoa 99.45), bright on one side, and twenty spacers of i
* 0.003-inch thick polyester fiber spacers (Dexter paper). ]
: |

3, Ten radlation shields of 0.00025-inch thick erinkled polyester |
film, aluminized on one side (NRC), and ten spacers of, 0.003 i

inch thick polyester fiber spacers (Dexter paper).

4, Twenty radiation shields ct 0.00025-4inch thilck crinkled polyester

£ilm aluminized on one side (NRC).

V-5
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carrier, or sabot, and fire both, separating the sabwt and deflecting 1t
off-course away from the target area after it lef:. the muzzle. Second,
¢ifficulty was encountered in preventing lew veloeaty debris from being
carried with the projectiie downrange to the :arget. 1t was neces3ary
to eliminate this debris so as not to obscure the damage to the target
due to the projectile.

~ the end of this contract period, a tecrmique had been developed
which appeared to correct both difficulties. This consisced of holding
a section of the range between the gun and the target tank at an elevated
pressure (about 30 mm Hg) and using a segrented sabot. The drag on the
gabot in passing through this section of the range appeared to be
sufficient to separate the segments and deflect them off-course along
with deflecting other low velocity debris away from the entrance to the
tu-get tank. The section of the range at the elernted pressure was
{sclated from the remainder of the range at a vactum by diaphragms which
were ruptured by squibs before pasgage of the sabot projectile. Cther
techniques for separation, such as petal sabots, T8mpS, etc., are being
investigated by McGill.

vaporization of Pellet and Bumper

puring a few of the teat firings +hat were ccnducted to perfect sabot
separation and eliminate the low velocity debris, it was possible to
observe the effect of pellet-bumper debris on a surface behind the bumper.
Pigure IV-2 is & photograph of damage to & cardboard surface located sbout
4-1inches behind a 0.005- inch plastic bumper Jhich is hit by a 1/8-inch

plastic sphere at about 24,000 feet per sacond., This was an isolated

1v-7

Asthur D.Nistle, Ine,




/
Pellet 1/8-Inch Diame:er Plastic
Bumper 0.005-Inch Plastic
Stand- Off 4 Inches
Velocity 24, 000 Ft¢/Sec
Pressure Less than 50 microns
- . _ " _
FIGCRE IV-2 TARGET
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i case when sabot separation was achieved and only a small amount of low
l velocity iebris hit the bumper with th: pellet, The damage to the
cardboard appeared to be due primarily to pellet-bumper debris and not
low velocity debris.

A: can be seen from the photograph, damage to the surface appuar: to
have been c:iused by a spray of very fine particles. This observation led
us Lo question whether or not it was possible to achieve complete
vaporizetinn with plastic pellets and bumpers within the capabilities of
the McG1ill range. Plastic had been recommended early in the program as
the macerial most suitable for the tests,

The sutlimation energy of various metals that might possibly be used
as a pellet cr bumper material is listed in Table IV—Z.(4) Also listed
in this table is an estimate of the sublimation emergy of polycarbonate
plastics based on commonly accepted bond energies. The low value was
hased on the conservative assumpticw that the vaporized debris consists
of carbon dioxide, water, and benzene, The high value assumes complete

atomization. 1In either zase, the value would exceed that of many of the

metals.

The velocity required "o vaporize a plastic pellet and plastic bumper

is shown in Figure IV-3 for various specific-heat ratios ( ¥ ) and

(4) "Selected Values of Thermodynamic Properties of Metals and Alloys",

Hultgran, Orr, Anderson, and Kelley.
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TABLE IV-2

SUBLIMATION ENERGY OF PLASTIC AND SOME CONMMON METALS

Density Sublimation Energy
Material (grams/cc) (kilocalories/gram)
Plastic (Polycarbonate) | 1.20 1.8 - 14.3 '
H
Hagnesium 1.74 1.45

Beryllium 1.80 8.68
Alunminum 2,70 2.77

Titanium 4,50 2.65

e o SO ik o e Pt

i
1
2ine 7 0.478 I
l
1
[

Tin 7.29 0.608

Iron 7.87 1.78
Nickel 8.85 1.75 ‘
Copper 8.89 1.27 :
¥olybdenum 10. 21 1.63 !
Silver 10,50 0.630 g
Lead 11,34 0.225 T
Gold 19,31 0.443 Y
Platinum 21.38 0.690 l ;

|

i

i
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pellet-diamecer-to-bumper-thickness ratios (x/& ). The sublimation
energy of plastic 1s assumed to be 1.8 kilocalories per gram. The curves
are based on the results of A one-dimensional treatment of the meteoroid-
bumper interaction by McGill University.(s)

In preparing the curves it was assumed that vaporization occurs when
the increase of free energy across the shock wav2 in the pellet and bumper
equals the sublimation energy of the plastic. As can be seen from the
figure, a 1/16-inch plastic pellet will not vaporize upon impacting a
0.005-inch plastic bumper (x/6 = 12.5)unless the pellet velocity is
greater than 53,000 feet per second, assuming a specific heat ratio
(&) of 3. This velocity is well beyond the capabilities of all
light gas guns.

In senrching for a combination of pellet and bumper materials that
could be expected to vaporlize within the velocity capabilities of the
McGill range, we directed our attestion away from plastics to the common
metals listed in Table IV-2 for which experimental data on sublimation
energy exists, The pellet material should first be of low density. This
allows the use of large pellets to facilitate velocity measurement with-
out the total pellet weights inkibiting attainment of hizh gun velocities
or necessitating stand-off distances between bumper and insulation which

exceed the capabilities of the test range, The lightest mectal in

(5)"0n the Impaut of Pellets with Thin Plates: Theoretical Considerations",
Part I and Part 17, to NASA, by G. V, Bull, Report Nos. 63270-03-01 and

65008-05-03.
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Table IV-2 is magnesium. Using the theory developed at McGill, the
length of pellet vaporized for different cpecific heat ratios ( 5.
bumper-to-pellet-density ratios ( p B/ ) P), and velccities (V) has beeu
plotted in Figure IV-4, Since the theoretrical work !s based on a one-
dimensional model, we desire a pellet-diameteir-to-bumpe:r~:hickness ratio
of 20 or more. From Figure TV-4 w2 would expect that a pellet with a
diameter 20 times the bumper thickness would vaporize within the velocity
capability of the test range if the bumper-to-pellet-density ratio were
about 10. Feferrirg again to Table IV-2, gnld and lead have the lowest
gsublimation . 2nergies of those metals that are about 10 times as dense as
magnes ium. From Pigures IV-5 and IV-6, a magnesium pellet and a gold or
lead bumper will vaporize, assuming a specific heat ratio of greater

than 3 and a pellet-diameter~to-bumper-thicknaess ratio of 20, if the
pellet velocity is greater than 28,000 feet per second (gold bumper) or
24,000 feet per second (lead bumper). Lead is the better bumper material
for shots at insulation because it is cheaper and more available and
vaporization occurs at a lower velocity.

Neutron Activation Analysis

A magnesiim pellet and gold bumper could be useful, however, in
analyzing the flow pattern of the vaporized debris. If an aluminum
witness plate were mounted behind the bumper, some of the devris would
be vacuum-deposited on the plate, and the nature of the impact pattern
could be investigated by means of neutron activation analysis. By this
technique is would he possible to determine ()) where the bumper material
impacted, (2) where the pellet wmaterial impacted, (3) whether the debris
rebomded or {mpact thereby doubling the impulsive loading, and (4) whether

the debris was completely sublimed.

Iv-13 Arthur B Wistle Inc.
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The neutron activation analysis would involve irradiation of the
aluminum witness plate in a nuclear reactor after impact of che debris.
By counting the irradiated witness plate soon after irradirtion and
again several weeks later, the contours of deposition for both gold and
magnesium could be obtained. The gold would be counted at an early time
and the magnesium sftecr several weeks of storage.

Incomplete vaporizsticn would result in & nuclear "hot-spot' on the
witness plate. The precision of absolute counting would be such that it
would be possible to determine whether most of the debris adhered to the
witness plate or most of the debris rebounded on impact.

Recommendations

We feel that there still exists a need for the test program
originally planned and scheduled for this contract period but delayed
because of difficulries with the test range. It is recommended that it
be rescheduled as soon as possible (upon development of a successful
sabot separation technique).

Upon compiction of the tests that have been outlined, it ie
recommended thet the program be extended to cover additinmal types of
ingulation. It is alsn recommended that the pellet-to-bumper-density
ratio, pellet shape, pellet masa, puzllet velocity, and angle of impact
be varied within the capabilities of the test range to determine their
effects on bumper insulation stand-off distance.

1t is further recommended that the technique of neutron activation

analysis be explored to investigate the flow pattern of the pellet-

bumper debris.

Arthur D. Wistle. Ince,




NOTE:
Refore publication of this final report, McGi'l has reported a b
technique that appears to yield sabot separation with reasonable
reproducibility. NASA has granted a coatract time extension to permit
partial accomplishment of the test program &8 originally planned. We

will issue an addendum to this section of our final report upon completion .

of a limited number of shots to publish the results obtained.
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PART V

MECHANTICAL TEST PROGRAM ON A SPECIFIC MULTILAYER
INSULATION SYSTEM

Avthur 7. Wintdle, Inc.




Arthur D. Little, Inc,, has conducted a short program on

load-bearing insulation material. Although this program was not
conducted with our program for the National Aeronautics and Space
Administration, the results are pertinent to the problem of storage
of cryogenic propellanis in space and are, therefore, inzluded fir

this final repor:z on Contract No. NASw-615.

The results reported in this section (Section V) of this report
were generated under a separate program, and are not part of the work

performed on Contract No. NASw-615.
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V. MECHANICAL TEST PROGRAM ON A SPECIFIC
MULTILAYFER INSULATION SYSTEM

Introduction

As a part of a test program to determine the mechanical properties
necessary for the design of a high performance cryogenic system, we have
located and tested a material which fills the dual function of insulation
and mechanical support in cryogenic applications. The potential importance

of load bearing insulation derives from the unavoidably high heat leak of

existing mechanical support methods. 1In the case of vessels constructed
with discrete supports, the total heat leak through these supports is
approximately 3 times that througn the insulation despite the approximate
200:1 ratio in cross-sectional heat transfer area between these two heat
paths,

The insulation which was subjected to the tests described in this

section was constructed of alternate layers of NRC-2 crinkled, aluminized-

mylar radiation shields, and silicone-impregnated fiberglas spacers. The

spacer material tested in this capacity was that fabricated by Cincinnati

Testing Laboratories, (CTL), P. O. Box 227, Cincinnati 15, Ohic¢. The CTL
materfal separates the radiation shields and provides the compressive ‘
strength of the insulation. 1

The evaluation of an insulation system for use as a dewar support
should inrlude a determination of its response tc the anticipated range |
of environmental conditions., Mechanical test series were therefore,

conducted on the spacar mateyxial for both dynamic and static loading modes.

v-1
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Based upon the information derived from these preliminary tests, & prototype
spherical dewar was fabricated ;nd subjected to vibration testing. These
tests yielded information which permit description of the dynamic behavior
of the inner vessel of a spherical dewar.

Although these tests were specific to the design of the system under
consideration, we believe that the results obtained may be of general
interest to other contractors concerned with similar problems.

Static Tests

A program of static tests was conducted to establish_the relation
between the mechanical.load imposed upon the spacer material and its
thickness variation. To facilitate these tests, an apparatus was con-
structed which permitted the sequential placement of a number of calibrated
weights upon a stacked sample of spacer material wafers held in a vacuum
environment, with simultaneous observation of the stack height. Provision
wae made to permit automatic re-cycling of tha test machine so as te
obtain an estimate of the repeatability of mechanical performance over a
large number of cycles. Readings were taken as the weights were added

and again as they were removed, providing an estimate of the material

hysteresis,

Test Procedure

The first set of tests was conducted on 1l-inch diamater specimen
disks fabricated from approximately .070-inch thick sheet material
(designated A). A stack consisting of 20 layers, without iaterleaved
mylar, were used and the results are plotted in Figure V-1. The second

set of tests was performed on spherical sections, i.e., disks cut from
v-2
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insulation initially fabricated ou production equipment in the form of
spherical triangles suitable for application to a 29-inch diameter spherical
cryogenic vessel. Again, aluminized aylar was not Interleaved. Separate
tests were conducted with stacks consisting of 24, 32, and 36 layers for

the purpese of determining hysteresis behavior and the avarage load/deflection
characterfstic. Becduse the read-out device was not sufficiently accurate ; 1

to determine the hysteresis behavior, only the average of these tests are

s
5]
LR

presented in Figure V-2,

A third set of tests was conducted with interloaved aluminized mvlar.

al,
- T

Free height of the spacer/insulation stack waried cver the range 0.7, 1.5,
and 4.3 inches, (with corresponded, for the marerial thickness emp loyed, Eg y
to 9, 19 and 30 layers of wnsulation), It is int:resting to note that i
difficulty wrs experlenced as a result of a tendency ¢f the insulation } !
layers to slip, because of the decreased friction coefficie i of mylar
on flberglas. Foc those tests conducted using small specimen eross- : f
sectional avea, this teadency to slip could not be overcome until the
mylar layers were deleted,

Test Results

The effect of pre-lead is 1llustrated in Figure V-3, For purpuses .t
of comparison, the behavior of a eample under a zero pre-load conditfon
is {llustiated in Figure V-4, diod

Fhe effezct of free height or the icad/deflection characteristic of
this matuerial is shown n Finurte V-7, If the material vehaved in
accordance with Hook's law, the characteristic at each free helght would
be the same. The fact that the results are nir cafncident \1lustcates that ' {

this material dors not display a linear stresn/strain relationship,

V-4 '
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The tests described in this section were conducted over a relatively
- = brief period of time utilizing simple test apparatus; the test results
were required to meefr a demanding schedule fer prototype dewar fabrication.

A number of these tests should he repeated with more refined test epparatus,

particularly in the area of defiection measutement, "o permit a careful
appraisal of the hysteresis characteristic of the material.

Dyunamic Tests

The dynamic behavior of the CTL/mylar insulation was initially

determined by use of a special vibration test fixture in which an instrumented

seismic mass was held between two opposed stacks of insulation., To closely
simulate the behavior of an actual dewar in this two-dimensional test rig,
the size of the seismic mass and/or the cross-sectional ares of the
insulation pads were varied to produce the same range of mechanical leoading
which could be anticipated for a full-sized dewar. The test fixture was
constructed so as to permit maintenance of vacuum conditions around the
1.,sulation material during the test.
Insulation

Insulatjon specimens were cut from 0.070-inch thick, 29-inch diameter
spherical triangles in the form of disks of 2-inch and 3-1/2-inch diameter,
Holes were cut in the disks to correspond to guide rod locations, The
{nsulation specimens consist of 20 layers ot CTL material interleaved
e with NRC-2. The free height of each stack was then 1.6-inch for all

tests.

o V-8

Acthnr D, Nintle, Fne,

G D— e T TR - 2T (D 1




1oy

i

TSP g

T

o e ¥

N

CTRER.

el yonei i M U e

ToamgTe

e A
e

Experimental Parameters

During the test series, mechanical pressure and the insulatica pre-
load were maintained as the independent variables. 1In the following para-
graphs we define the pressure on the insulation as that induced by the
seismic mass; and the pre-load as that induced by compressing the insulation
between the two halves of tne test assembly. This differentiation is
required because the pressure represents the load resulting from a filled
dewar resting on the insulation, while the pre-load results from
compression of the insulation between the outer and the inner vessels
of the dewar during assembly. During the test series, pressure was

adjusted by variations in the seismic mass and/or the insulation cross-

sectional area.

Experimental Results

A considerable mass of data was cnllected and later discardec as
being unreliable because of rhe questionable behavior of the seismic mass,
Typical results of the successful tests conducted with the final configur-
ation are shown in Figure V-5, which describes the behavior of a simulated,
filied, 18-inch LH, dewar. 1t may be readlly seen that one principal
point of resonance was observed (typical of all tests). This primary
resonant frequenc was found to occur in the range 30 to 60 nps; with
many of the samples exhibiting a second resonance at a higher frequency
around 600 cps. As might be expactea. the primery resonant frequency

was observed to increase with increasing pre-load.

v-9
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Prototype Dewar

On the basis of data obtained from the previously described test
series, a prototype spherical dewar was designed, fabricated and subjected
to vibration testing, The vessel was fabricated at the Arthur D, Little, Inec,.,
Santa Monica experimental facility and consisted of a 1/4~inch thick,
29-inch 0.D, stainless steel inner vessel, and a .070-inch thick, 31l-inch
I.D., stainless steel outer vessel. The insulation was comprised of
spherical triangles ¢f CTL fiberglas spacer material (No. 449) alternating
with 1/2-mil aluminized mylar radiation shields (NRC-2). Prior to final
assembly, the spacers were perforated with a circular hole cutter in such
a manner to remove 507 of the spacer area while leaving the remaining
material in a uniform radially-registered array. 8Six spherical triangles
formed one complete spherical spacer layer; a total of 20 of which comprised
the insulation array. The radius of rurvature cf each of these pre-formed
spherical segments was chosen so as to acccmmodate the dimenujonal variation
between the inner and the outer shells. A 15 psi insulation prc-load was
adopted, but the assembly techrique employed (which consisted of '"shoe
horning'" the two outer vessel halves over the insulation using a special
assembly fixture) left some question as to the accuracy of this figure,
Subsequent calculation, Lased upon test results suggests that the actual
pre-load was close to 12 psi, The empty weight of the inner vessel is
approximately 200 libs.

The objective of this test series was to determine the location of
the resonant frequencies and the amplification factors at resonance over
# wide range of vibration inputs, and with the vessel filled with IH,.

Mechanical failure of an external component early in the dynamic test

Avthue T Xittle Ane,
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coeration precluded testing with LN2. However, the assembly was tested
in the empty configuration as well as in a water filled condition. With

the empty dewar the follewing levels were tested.

i Ml!”""“‘“””.‘"'f"li,"‘-!"__"l"!'..-.},‘Mi L Ill:l‘lF_l_i. AL L

Frequency Level Duration/Cycle (Minutes)

—(cps) Q)

5-2000-5 5 10 '
5-2000-5 2 10 f
5-2060-5 1 10

The results of these tests are described in Figures V-6 and V-7.
Two principal points of resonance were cobserved, the prinary one between

35 and 70 cps and increasing in frequency with decreasing G level input, ot

A secondary resonance was observed at 550 cps in all tests.

When filled with water, the test dewar was subjected to the following

input ievels:

Prequency Level Duraticn/Cycle (Minutes)
—(cps) o)

5-2000-5 5 10

20-2000-20 10 10

40- 2000~ 40 15 8.5

The increasing spring mass resulting from the addition of water had

two observable effects on the resonance points. The resonant frequency fis

———
L

decreased slightly while the amplifica.ion decreases substantially. The
results of the first run of the series are presented in Figure V-8. The
behavior observed in this test series is compatible with tha assumption

that small dynamic loads impoced on a spherical vessel are carried in i' |
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compression near the axis of vibration, and in shear by the insulation at
the clrcumference of tha vessel furthest from the axis of vibration., With
increased loading, relative motion between insulation layers introduces
sliding friction at the circumference of the vessel which contributes
little to the major support of the dewar provided by the insulation in
compression near the wvibration axis; but which produces appreciable
coulomb-damping which serves to limic the relative motion between the two
vessels,

Upon completion of the test series and disassembly of the test aiticle
it was noted that the fiil and vent line connections between inuner and
outer vessels had failed, apparently as a regult of rotational displacement
of the inner vesse) with reapoct to the nuter vessel filling the imsulation
apace with water, 1In addition ‘o this failure, it was further noted that;
the gross motion imposed upon this assembly (as the result of high G
inputs and excesstive weight due to the water £f111) produced an abrasion
and almos. complete removal of the aluminlzed coating on the mylar where

{t contacted the apacer material.

e -

It was intended originally to measure the thermal performance of the
prototype dewar after completion: of the dynamic tests., [In preparation for
these thermal tests, sawples of the CTL spacei material and NRC-2
aluminized mylar were tested in a flat plate calerimeter to determine the
the-mal conductivity of the proposed insulation system,

Tne spacers were perfoiated to achieve 60% open area, while the mylar
was perforated with a random pattern of 1/B-irnh diameter holes on 2-inch

centers to permit raptd pump down and outgessiap of the system. Calorimeter

Avihe 5 Wittle Fne
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measurements, with the same loading on the insulation as would be used
4 . - 2 o
in the prototype dewar, yielded values of 4 x 10 ] BTU- inch/hr-£ft~ - ¢
for the thermal conductivity of the insulati on.

Other fusulation semples, perforated for 76% open area of the spacer

3

material, yielded thermal conductivity values of 3.25 x 10~ BTU-in/hr-ft2-°F

under identical test conditions,

The prototype dewar was tested to determine its thermal performance
prior to the dynamin tests. Temperature equilibriwn was achieved 14 hours
after filling the inner vessel with liquid nitrogen, "he thermal conductivity

of the insulation system, determined from the measured boil-off, was calculated

to be 4.3 x 1473

BTU~Ln/hr-fL2-0F: very close agreement with the results
obtained in th: flat plate calorimeter,
No thermal test could be performad after the dynamic vibration tests.
During assembly of the prototype dewar, no particular care was taken
to pootect tae insulation while making che finai sirth weid in the outer
vessel, and no backup ring had been provided for this weld jolnt.  On
disassembly after the dynamic tests, {t was noted that severc charriug
ot the outer spacer material had acctired in A Hand about 4-inches wide
contiguous to the girth weld, In spite of this damage, the thermal

p: Jovmance of the dewar in the ‘nitlal tests agreed “losely with pred cted

performance,
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PART V1
ABSTRACTS OF REPORTS ON THE SPACE ENVIRONMENT
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Vi, ABSTRACTS OF REPORTS ON THE SPACE ENVIRONMENT

Cur reports on the space environment were published uader the initial
contract and, therefore, are treated only briefly herein.

Arthur D. Litrle, Inc., Report No. 63270-05-01 ASTIA No. AD 263-476

-
x

Date: July 1951 0TS $8.10

Title: Frinciples for the Calculation of Radiation Dose Rates in
Space Vehicles

Author: Robley D. Fvans

Abstract:

Methods are developed for computing the radiation dose rataes in a
space vehicle due to its exposure to any arbitrary spectrum of incident
protons or of electrons. The analysis takes into account the angular
distribution of the incident protons and electrons and the angular
distribution of the electron bremsstrahliung. The distribution with depth
in the propellant {s determined for the dose rate due to protms, for the
dose rate due to electron bremsstralilung, and for the deposition of stopped
protons, Whereas the dose rates fuor monoenergetic prutons or electrons
ore maximum at the surface of the propellant, the deposition of protons
has fts minimwi at the surface and incieases linearly with depth up to
the range of the protons., Thea radiation dose rate is developed in para-
metric form as a function of the number aud energy of (ncident mono-protons
over the energy domain frem 10 Mev to ahout 1000 Mev (Figure P-8) and of
electrona over the energy domain from 10 kev to ebout 1000 kev (Figure B-8),
These paranetric curves of dore rate per incident particle versus the kinetic

energy of the incident particle provide a flexible method fur calculating
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the total dose rate due to any assumed spectrum, by folding in the spectral
Jistribution and intensity as the final step. For the case of protons,

the maximum surface dose rate depends primarily on the total number of
protons striking the surface, and only slightly on their energy, so long

as their energy is sufficient for them to clearly penetrate the surface
medium, Tllustrative calculations are carriad cut for the Freden and White
spectrum of protons and for the Wal:t et al. spectrum of electrons incident
on thin-walled stainless steel vehicles carrying liquid Hy or liguid Oj.

The nueerical results for 0, would be closely similar to those for

biological materials,

Arthur D. Little, Inc., Report No. 632/0-02-01 ASTIA No. AD 266-034
Date: September 1961 0TS $§9.10
Title: The Space Environment and Ite Interactions with Liquid Propellanis

and Thelr Sturage Systems
Author: Norman M. Wiederhorn
Aostract:

The storage of liquid propellants on the surface of the moon or in
space vehiclen, which are in orbit or interplanetary flight, presents a
series of unusual prnbhlems. In viow of this, NASA established & program
to elucidate the probluem Areas and provide engincering approaches to Jhair
solution. Arthur D, Little, Inc., under Contract N¢. NAS3-664, has baen
participating in thia progrem., Our objeztives are to define the mechaniems
that affect the storage of yropellants, to inventigate systems to obviate
or minimize deleterious effects, and to determine the magnitude of losses

and penalties assaociated with various systems. ’'n order to accomplish
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this, it is necessary to have a quantitative statement of those factors
in the space environment that can prcduce significant effects in storage
systems,

The following sections are Zevoted to a discussion of the pertinent
factors of the space envivcnment that influence the storage of liquid
propellants in space and the mechanisms whereby these may interact with
a liquid propellant or its storage system, In addition to this discussion,
an extensive bibliography, including abstracts, is contained in this
report. This bibliography provides a survey of the space environment,
which 1s a prerequisite to the consideration and study of any interaction
or effects which might occur in the environment of space,

Arthur D, Little, Inc., Report No. 63270-05-02

Date: September 1962 Office of Scieatific and Technical Information
NASA
Acttn: Code AFSS-AD
washington, D.C, 20546

Title: The thermal and jonizing Radiation Aspects of the Storage of

Self-Heating Liquid Propellants in Space

Author: Norman M. Wiederhorn and Jav Il. Vreeland

Abstract:

This report emphasizes various potential problems related to the
storage in space of high-energy liquid propellants and provides a method
for obtaining mean'ngful answers regarding the significance of such
problems. The methodotogy is set up and examples are worked out, from
which it 18 often posaible to draw general conclusfona, In some instances,

however, it will be neceassary to repeat the calculations for the specific

r.onallant of interest, The authurs discuss the thermal aspect of problems
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associated with the storage of such '"self-heating liquids" on the basis
of work concerned with earth storage conditions. They consider both
homogenecus and heterogeneous reactlons, as well as factors that may
influence the behavior of propelliants in & space environment. In
particular, the report concerns an evaluation of the potential hazard

posed by the energetic particulate radiaticons in fpace.
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PART VII

ARSTRACTS OF REPORTS ON THE EVALUATION OF METEOROL

BUMPER PROTECTION SYSTEMS
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ViI. ABSTRACT OF REPORTS ON THE EVALUATION OF METEOROID
BUMPER PROTECTION SYSTEMS

The major poriion of the theoretical work un the solution of the
meteoroid problert has been conducted by McGill University, under sub-
;! contract to Arthur D, Little, Inc., and detailed reports have been
issued previously, The McGill University final report is in preparation
. and will be issued when available.

Arthur p, Little, Inc. Report No. 63270-03-01 ASTIA No. AD 273-236

Date: January 1962 0TS #3.60

Title: On the Impact of Pellets with Thin Plates Theoretical
Considerations -~ Part I

Author: Gerald v. Bull

Abstract:

This note outlines the results of a short theoretical investigation
into the impact of peliets with thin plates at very high velacities, In
order to render theproblem trartable to analysis, a mcdel has been assumed
4 which ailows use of essentis)ly one-dimensional theory to predict both
the impact shock-induced conditions and the subsequent oxpansion flow,
although the latter stata has been treated subsequently as & goneral
axi{symmetric three dimensional flow., The problem has been ccnsidered in
three phases.

The first phase i{s the shock-induced impact statea, which for thin
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bumpar plates permits one-dimensional theory to be reasunably applicable,

[ TN

Based on the concept of the strong shock wave, it is seen that the initial
impact-induced states may be expressed readily in terms of impact velocities,

initial denaity ratios, and the polytropic gas exponent in the shocked states.
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The second phase as discussed in this note results from the extremely
high temperatures generated on impact. The resultant radiative luss
mechanisms result in considerable reduction in the thermodynamic states
from which expansion occurs. Dectailed treztment of this phase will appear
in subsequent notes.

The third phase, the break up of the pellet into an expanding particle
cloud, has been approached in this note from the restricted point of view
of one-dimensional shock and rarefaction waves interacting with a cylindrical
rarefaction. This non-stationdry wave system tends to acceleratas the
outer-material, essentially redistributing the inittal kinetic energy of
the pellet. Only brief consideration into the boundaries of this flow has
been made in the present note, Subsequent detailed treatment of the
expanding flow phase will be presented in the near future,

Arthur D. Little, Inc. Report No. 65008-05-01

Date: June 1963 Office of 3cientific and Technical Informar.ion
NASA
Attn; Code AFSS-AD
Washington, D,C., 20546
Title: Meteoroid Rumper Protection for Space Vehicles Tentative Design
Critevia
Authors: Reed H. Johnston, David A. Knapton and David Lull
Abstract:
In this report the authors present their initial attempt at pulling
tcgether some of the details which pertain to meteoroid protection and to
present some of the very tentative infourmation concerned with meteoroid

protection in such a form that the engineering implications are more easily

appreciated. The purpose of the report is to provide a perspective which
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may aid the structure designer in evaluating and -vercoming the meteoroid
hazard - to facilitate communication among structure engineers, metecr
physicists, and hypervelocity physicists to rzcognize areas where cheir
contributions 2an provide the structure engineer with the information ie
must have to carry cut s detailed design of the meteoroid protecticn
systems, The authors direct their major attention in this report towards
the design of meteoroid protection fer spacecraft by means of "meteor
bumpers'. A description of the meteoroid environment is given along with
the discussion of meteoroid bumpers and the physics of meteoroid bumpers,
The reaction on the protected surface is described, Incorporation of the
bumper in the vehicle design, structural considerations and conceptual
designs are included.

Arthur D, Litrle, Inc. Report No. 65008-05-02

Date: August 1963 Office of Scientific and Technical Informatioc.

NASA

Attn: Code AFSS-AD

Washington, D.C, 20546
Title: A Sequentially Interrogated Meteoroid Percisation Sensor
Authos: Reed H. .Tohnston
Avstract:

Direct observation of penetration through skins of thickness comparable
to that used in vehicle construction would require exposure of excess’vely
large areas for unacceptably long periods. A compromise to the probleu of
obtaining reliable information on the hazard of meteoroid impact on large

space vehicles is descrihed in this reporc. This compromise consists of

designing a sensor appropriate to the pernitted payload in which the areas

V1i-3

Axthur & Nittle, Ine.

e -

- st b

1

ORI . S



T 7T TSR TN, TR TR =" . T

o e <
o p——

of various exposed thicknesses are so chosen that one may expect the
numbers of penetrations through the three or four different thicknesses

to exhibit relatively small statistical variation., The author presents a
detail xd design of a sensor for obtaining data on m-’2o0roid hazard
appropriate {or detecting a penetracion through a she t of exposed material

as w2l)l as an alrecnate approach, Diagrams and illustrations are included.

Arthur D, Litel . Ine. Report Mo, 65008-05-03 T
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Date: October 1963 Office of Scientific & Technical Information
NASA
Attn: Code AFSS-AD
Washington, D,C, 20546

%

4

¥

i
"

Title: On the impact of Pellets with Thin Plates: Theoretical

Conaiderations - Part 2
Author: D. A. J. Miiler, W. H. Prienl and C. L. Murphy
Abatract:

The theoretical analysis of the impact of peitlets with Lthin plates
and the resulting expanaion flow i{s presented in this report. The
analyais 18 based on the impact model discussed in Part 1 of this report
by Gerald v, Bull (Report No, 63270-02-01), The short-term expansion of
the plasma, the interaction between rhock arl jarefaction waves and the
long-term exzansion are investigated in some decall, Englneering design
data for the protection of a space vehiele from meteurold {mpacts are
pio=ent¢yJ on "he hasis of :he theoretical calculatlions carried out on the
impact mndel, Results nf an experimental program designed to check the
predictions of this theory are reported in a companion paper,

65008-05 04 {(to be puhlished), A hrief sketch of the nature of the required

changas ig Imndicated at the conc.usfon of this paper,
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In addition to the reports described above, Arthur D, Little. Inc.,

v

initiated a theoretical and experimental study on the effects of
meteoxroid-bumper debris on multilayer insulations, The purpose was to
determine tie mode of failure of the insulation when impacted by the debris
and to determine the minimum spacing between the bumper and insulatica,

or ‘''stand-off distance'", that results in no damage t¢ the insulation.
Although we have nct been able to conduct the experimenial phase of the
investigation during this period, we strongly recommend that the test

program be conducted. Further details of tiis study are included in this
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report,
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